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PREFACE 


To meet the requirements of students who, having worked 
through the authors Magnetism and Electricity for Beginners, 
need a supplementary volume to extend their knowledge of 
the subjects introduced in that book, the following chapters 
have been prepared in response to numerous requests from 
teachers. ; 

The needs of students whose mathematical attainments do not 
extend beyond a knowledge of the differential and integral 
calculus have been borne in mind throughout, and the subjects 
have been treated as much from the experimental as from the 
theoretical point of view. The scope of the volume is roughly 
that required by pass candidates for the B.Sc. examination of 
the University ot London, but the book will also be found 
suitable for students working for the Board of Education and 
other examinations. 

Although minor technical applications of the science are 
_ described in earlier chapters, yet for several reasons the 
insertion of chapters on Dynamos, Telegraphy and Telephony, 
Distribution of Light and Power, and similar subjects, bas been 
considered undesirable. Such technical applications could not 
have been treated satisfactorily without adding unduly to the 
size of the volume ; students, moreover, who are specialising in 
these branches generally attend courses of study designed to 
meet their requirements. 

The plan adopted has allowed a fuller treatment of such 
subjects as Thermo-Electricity, the Discharge of Electricity 
through Gases, and Electric Oscillaticns, and an attempt has 
Vv 
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been made to give the important facts in connection with the 
remarkable researches of recent years-in the latter subjects. 

Some students may find portions of the earlier chapters to be 
of too elementary a character, but most will find a revision of 
previous work useful, and will agree that a self-contained volume 
is best adapted to their requirements. 

Teachers know that the clear understanding of general 
principles is aided by their application to a wide range of 
questions and problems of a numerical type. It is believed that 
the numerous examples given at the end of most of the chapters 
will secure this desirable end. 

The author is indebted to Mr. W. S. Tucker, B.Sc., who 
has read through the proof-sheets and made many impor- 
tant suggestions, also to Mr. G. H. Broom, B.Sc., and Mr. 
W. H. Clarke, B.Sc., for a similar service in special cases, tovall 
of whom he offers his grateful thanks. The author's thanks are 
also due to Sir RichardGregory and to Mr. A. T, Simmons, B.Sc., 
who have rendered invaluable service in criticising the manu- 
script and the printed proofs. 


H. E. HADLEY: 


KIDDERMINSTER. 
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MAGNETISM 


CHAPTER I 


NATURAL AND ARTIFICIAL MAGNETS 


The Lodestone. 


Magnetite is the modern name of a 


mineral found in several localities, including Magnesia (in 
Asia Minor), Norway and Sweden, Isle of Elba, Spain, etc.; 


chemically it is an oxide! 
of iron, containing about 72% 
of iron. Many specimens of 
magnetite have the peculiar 
property of attracting small 
fragments of iron (e.g. iron 
filings), and, when suspended 
in a suitable manner, of com- 
ing to rest in a definite position 
relatively to the points of the 
compass. The latter property 
was observed by the Chinese as 
long ago as the year 2400 B.C., 
but the earliest record of any 
such knowledge in Europe is 
found in the writings of a 
Norwegian (born in 1068) in 
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Fic. 1.—A Lodestone which has been 
dipped into iron filings. 


which magnetite, having the above properties, is referred to as 
the lodestone, or “leading-stone” (Fig. 1). 


1 Oxide of iron isa chemical compound formed by the union of iron and oxygen. 


The chemical formula of magnetite is FegO4. 


H.M. 
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ExpT. 1,—Dip a lodestone into iron filings, and observe how the 
filings cling chiefly to two regions on opposite sides of the lodestone. 

Suspend the lodestone, by means of copper tinsel or unspun silk, so 
that the line joining the two regions determined above may move 
freely in a horizontal plane. Note how this line almost coincides with 
the geographical meridian. 


. The regions to which iron filings are attracted may be termed 
the Poles, and the line joining the poles may be termed the 
Magnetic Axis of the lodestone. _ The poles which point towards 
the North and South points are respectively called the North- 
seeking and South-seeking poles. 

Artificial Magnets:—The lodestone is now seldom used in 
experimental work, since suitable specimens are comparatively 
rare, and the degree of magnetisation is far less than in the case 
of such pieces of steel as have been magnetised by artificial 
methods, and are Consequently termed artificial magnets. The 
more common forms of artificial. magnets are @) the bar- 
magnet, (ii) the horse-shoe magnet. 


Expt. 2.— Repeat Expt. 1, using a bar-magnet instead of the lode- 
stone, and observe that the characteristic properties are the same. 


Law of Magnetic Attraction and Repulsion.—Either pole 
of a magnet will q@¢fract iron filings, but this result is not 
necessarily obsetved in the action of one magnet upon another. 


Expt. 3.—Suspend a lodestone and a bar-magnet consecutively, and 
mark that end of each which points towards the North. Again suspend 
the lodestone, and, holding the bar-magnet in the hand, bring the two 
north-seeking poles close together; observe the repulsion. Reverse 
the bar-magnet, and observe the attraction. 


Further observations with the South-seeking polé of the lode- 


stone will indicate that all the effects may be stated in the 
following manner : 


Junlike Poles Attract, 
Like Poles Repel. 

Methods of Magnetisation.—Any of the following methods 
may be used for preparing artificial magnets :—(i) Method of 
Single Touch, (ii) Method of Divided Touch, (iii) By means of an 
electric. current. Methods (i) and (ii) are convenient for the 
magnetisation of small pieces of steel, such as sewing-needles 
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and pieces of clock-springs ; but larger magnets can only be 
prepared satisfactorily by method (iii). 


Expt. 4.—Single Touch.—Hold a sewing-needle firmly -on the table 
by pressing a finger of the left-hand on the eye of the needle (or, by 
fixing it on the table with 
soft-wax). Hold the lode- 
stone in the right-hand-and 
stroke the needle from eye 
to point with the N.-seek- 
ing pole of the lodestone 
(Fig. 2); repeat this several 
times. Test the needle by 
dipping it into iron filings, 
and by suspending it by 
means ofa silk fibre. Note 
that the point of the needle Fic. 2.—Methods’of Magnetisation. 
is now the 8.-seeking pole. 

The polarity generated in that end of the needle which is last 
touched by the lodestone, is of opposite kind to that of the pole 
which is used for the process of magnetisation. 


Expt. 5.—Divided Touch.—Fix two bar-magnets on the table with 
their axes in line, and with unlike poles together. Adjust the distance 
between the poles so that the needle, which is to be magnetised, may 
be supported with its ends resting on the poles of the magnets (Fig. 2). 
Place the opposite poles of two bar-magnets close together, in contact 
with the middle of the needle, and arranged as shown in the diagram ; 
draw the poles apart towards opposite ends of the needle, Jift them 
away, and repeat the process several times, 


Expr. 6.—Magnetisation by means of an Electric Current.— 
Wrap a spiral‘of cotton-covered copper wire round a thin glass tube 
(10 cms. long, 0°5 cm. bore). Place a piece of clockspring or a needle 
inside the tube, and pass a strong electric current through the wire for a 
few seconds; tap the tube two or three times, break the circuit, 
remove the needle, and test it for magnetisation. 


It will be found, if a piece of soft iron is treated in a similar 
manner, that the iron is highly magnetised so /ong as the current 
continues, but. that the maguetisation almost completely dis- 
appears as soon as the current ceases. Such an arrangement is 
termed an Electro-magnet ; in this manner a magnet may -be 
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obtained which is far more powerful than an ordinary steel 
permanent magnet. For this reason electro-magnets are 
generally used in the prepara- 
tion of steel magnets. 

The more common form of 
electro-magnet is the Aorse 
shoe (Fig. 3), which consists 
uM | of a thick core of soft iron, 
round each limb of which is 
wound a “bobbin” of several 
layers of thick cotton-covered 
copper wire, the direction of 
winding being offoszfe in the 
two cases. 

Bars of steel may be strongly 
magnetised by drawing each 
face in turn across one of the 
poles of an _ electro-magnet, 
| finally bringing each end of 
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the steel bar once into contact 
with the unlike pole of the 
electro-magnet, and withdraw- 
ing it at right angles to the surface where contact is made. In 
an alternative method the bar is laid across the poles of the 
electro-magnet, the distance between the poles being so adjusted 
that the ends of the bar rest upon the poles ; a strong current is 
passed through the coils while the bar is struck several times 
with a wooden mallet. A steel horse-shoe is magnetised by 
placing it vertically over the limbs of an electro-magnet, with 
its ends in contact with the poles; while in this position the 
current is passed three or four times. 


Fic. 3.—An Electro-magnet. 


Repulsion is the only sure Test of Magnetisation.—Exrr. 7.— 
Suspend an unmagnetised sewing-needle horizontally by means 
of a silk fibre, and observe the effect when a pole of a magnet 
is held near to either end of the needle. In such cases attraction is 
observed, although the needle is unmagnetised. Remove the needle 
from its support, and magnetise it by the method of Single Touch; 
repeat the previous observations, and note that one pole of the 
magnet now attracts one end ot the needle, but vefe/s the other. 
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Attraction, therefore, does not prove that the steel under 
examination is magnetised, whereas Repulsion does prove this 
fact. 

Consequent Poles.—Other magnetic poles, in addition to 
those at the ends, may be created in a piece of steel, either 
by using a defective method, or by intentionally modifying 
either of the methods described on p. 3. Such additional 
poles are called Consequent Poles. They may be detected by 
dipping the magnet into iron filings, or by observing a com- 
pass needle which is passed slowly along one of the faces of 
the magnet. 

A long needle may be magnetised with a consequent pole at 
its middle point by magnetising one-half of it at a time by the 
method of Single Touch. A consequent pole may also be 
created by using a spiral of wire conveying a current, parts of 


which are wound in opposite directions. 
Magnetic Substances.—The metals iron, nickel and cobalt 


form a class by themselves: they are not only attracted by 
the pole of a magnet, but can themselves be made into per- 
manent magnets. The term ferromagnetic is applied to these 
metals. ‘ 

Michael Faraday first showed that all other substances are 
either feebly attracted or feebly repelled by the pole of a 
powerful electromagnet ; and he named these groups para- 
magnetic and diamagnetic respectively (see p. 70). 

Magnetic Saturation—The degree of magnetisation 
acquired by any given piece of steel depends largely upon (i) 
the power of the electro-magnet used for the process, and (ii) 
the quality of the steel. The magnetisation may be increased 
by augmenting the power of the electro-magnet, and by prolong- 
ing the process. But, in every case, there is a limit to 
the magnetisation acquired. Steel or iron is magnetically satu- 
rated when it fails to acquire a higher degree of magnetisation, 
however much the magnetising power is increased. 

Compound Magnets.— Owing to the difficulty of magnetising 
to saturation the interior of a thick bar of steel, it is advan- 
tageous to subdivide the metal into several thin plates, which 
are separately magnetised, and united together at the cds b by 

1 For further information see Chap. XXI. ; 
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soft tron pole-pieces (Fig. 4). It is stated that the resultant 
pole strength is greater when the component magnets in the 
middle of the compound magnet are longer 
than those on the outside. 

Destruction of Polarity.—The perman- 
ence of the magnetisation imparted to 
any piece of steel is largely influenced by 
the subsequent treatment to which it is sub- 
jected. Both heat and rough handling are 
detrimental to the strength of a magnet. 

Expr. 8.—Heat a magnetised needle to red- 
ness in a Bunsen flame, and afterwards test its 
magnetisation by means of a compass-needle. 


Expt. 9.— Magnetise a long wire nail by the 
method of single touch, and test its magnetis- 
ation. Drop it on to the table several times, and 
again test it. 


Expt. 10.—Cut off a length of stout soft steel 
wire (about 14 cms. long), and bend the ends at 
rightangles, thus,[~ ——«|.._~SMagnetise the middle 

Fiaig.ceA Compound portion, and test it Twist the wire to and fro 
Magnet. several times, and again test it. 

Retentivity and Coercivity.—If pieces of soft iron and 
steel, of the same dimensions, are subjected to the same magne- 
tising force, it will be found, when the force is removed, that the 
two materials do not retain the same degree of magnetisation. 
Tf the metals are not subjected to any disturbing influence 
the soft iron may retain as much as 90% of its original 
magnetisation, but the steel will probably retain rather less 
than this amount. This power of retaining magnetisation is 
termed Retentivity. If the metals are now subjected to rough 
handling, or to a magnetising force acting in the reverse direc- 
tion to that adopted in the first instance, it will be found that 
the steel now retains far more magnetisation than the soft iron. 
This capacity for retaining magnetisation in spite of any subse- 
quent treatment, is termed Coercivity ; and it is usually measured 
by, observing the degree of reversed magnetising force which is 
alte in order to deprive the metal of the whole of its 
original magnetisation. (The magnitude of this force is termed 
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the Coercive Force.) Hence, soft iron may have greater Reten- 
tivity than steel, but it certainly has far less Coercivity. 

Condition of Steel suitable for making permanent Magnets. 
—In chemical composition soft iron differs only slightly from 
steel; both contain a very small percentage of carbon, thus 
soft iron may contain about 0.05%, and steel between 0.05% 
and 0.4°/,, of carbon. The magnetic differences between 
the metals may be attributed to differences in the form in 
which the carbon exists in relation to the iron (e.g. it may be 
simply azssolved in the iron, or it may be chemically combined)! 
rather than to the actual quantity present. Steel for magnets 
should have great retentivity and coercivity, and these properties 
are found to a marked degree in /ungsten steel (¢.e. steel contain- 
mg 10% or less of tungsten) which has been ‘ glass-hardened.’ 

The physical properties of steel are largely influenced by the 
operations known as Hardening, Annealing, and Tempering. 
‘Hardening’ results when a red-hot piece of steel is rapidly 
cooled. ‘Annealing’ is conducted by allowing the hot metal to 
cool slowly. ‘Tempering’ consists in re-heating bardened steel 
to a temperature far below that to which it was heated before 
being hardened. The changes due to these processes may be 
observed by treating three similar pieces of clock-spring in the 
following manner : 

ExpT. 11.— Heat a piece of clock-spring to bright-red heat, and 
quickly plunge it into cold water; it will be found to be very brittle, 
and its condition is technically termed g/ass-hard. Glass-harden 
another piece of the clock-spring; in order to temper it, clean the 
surface with emery paper, lay it on a sheet of iron heated above a rose- 
burner, and note the changes of colour (or ‘sheen’) on the metal 
surface ; it will change to a ‘ light-straw’ colour (at 220° C.), and after- 
wards, as the temperature rises, to ‘ dark-straw,’ ‘ violet,’ and ‘deep 
blue’ (at 320°C.) ; quickly remove the metal and allow it tocool ; after 
bending, it will be found to assume its original shape perfectly. <A 
third piece of steel may be annealed by placing it inside a heap of red- 
hot ashes and allowing it to cool slowly ; on bending, it will be found 
to remain bent, and to have lost most of its elasticity. _ 


The degree to which steel may be ‘glass-hardened’ seems to 
depend upon the rapidity with which the steel is cooled ; thus, 


11f chemically combined, it will be present as Carbide of Iron (Fes3C). 5 
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the hardness is increased by increasing the temperature of the 
steel, and by using very cold water. A still greater degree of 
hardness is obtained if mercury is used instead of water. 
Occasionally a vegetable oil is used instead of mercury or 
water. The desirable degree of hardness in steel for magnets 
depends on the dimensions of the magnet. For short magnets 
the glass-hard condition is recommended ; and for long magnets 
(in which the length is equal to 20, or more, diameters) the 
‘blue’ temper is best. 

According to the researches of Strouhal and Barus, the best 
procedure in making a steel magnet is as follows: Glass-harden 
the steel, magnetise it, and suspend it in a current of steam for 
20 hours ; again magnetise it, and expose to steam for about Io 
hours. This process is known as the ‘ageing’ of a magnet, 
since it is found that the magnetisation is not subject to the 
gradual diminution which is so evident in magnets prepared by 
the simplest methods. It has more recently been observed 
that magnets may be ‘aged’ by dipping them several times into 
liquid air. 

The hardening of steel by sudden cooling may be explained 
thus : when iron containing about 0.7 per cent. of carbon 
is heated to its melting point, the carbon combines with iron 
to form ivon carbide (Fe,C), and this is ‘ dissolved’ in the 
remainder of the iron—it may be regarded as a ‘ solution’ 
of the carbide in iron. If the iron is allowed to cool slowly, 
the carbide molecules collect together and form ‘ crystals,’ 
leaving most of the iron free from carbide ; when cold, the 
mass may be termed soft steel—it is magnetic, but it has 
comparatively little coercivity. On the other hand, by 
suddenly solidifying the steel, the carbide molecules can be 
deprived of their mobility before they have time to collect 
together and the molecules retain the positions they 
occupied when in solution ; the steel then has a character- 
istic hardness, and it retains any magnetic polarity given to 
it. It is possible that the addition of tungsten or molyb- 
denum to the steel assists in delaying the separating out of 
the iron carbide. 

The strongest permanent magnets are now made from 


cobalt-chrome steel. This steel is very hard, and difficult to 
? ? 
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magnetise. The following is the approximate composition 
of this alloy: cobalt 15.0, chromium 9.0, molybdenum 1.5, 
carbon 1.0, and iron 73.5 per cent. 

Critical Temperature.—When iron or steel is gradually 
heated, it is found that, at a certain temperature, the metal 
ceases to exhibit any magnetic properties. The temperature 
at which this occurs is called the critical temperature of the 
material. It corresponds to a ‘ dull-red ’ heat, but it varies 
slightly according to the composition of the iron or steel. 
The same property is exhibited by the other ferromagnetic 
metals, cobalt and nickel. The critical temperature of pure 
iron is 769° C., of high-carbon steel 680° C., of nickel 356° C.., 
and of cobalt 1075° C. 

Expt. 12.—Suspend a short piece of thick iron by means of a 
thin platinum wire, and fix a strong bar-magnet sufficiently near 
to attract the iron. Heat the iron to a bright-red heat by means 
of a blowpipe flame, and notice that it is not attracted by the 
magnet until it has cooled considerably. 

This phenomenon is intimately associated with that of 
Recalescence (observed by Sir William Barrett), which is seen 
when a length of piano-wire is heated to bright-red heat and 
allowed to cool slowly ; at a temperature of about 680° C. 
the wire suddenly glows more brightly, indicating some 
internal atomic change accompanied by generation of heat. 

The manner in which the atoms in the steel are grouped 
cannot be observed, of course, by the microscope ; but, in 
recent years, it has been found that X-rays provide a means 
by which the arrangement of the atoms can be observed 
with remarkable accuracy. It has been found that iron 
exhibits regularity of arrangement of its atoms, just as much 
as quartz or common salt ; the only difference is that the 
iron does not exhibit any external crystalline form. By 
X-ray examination it is found that the atoms of iron may 
be arranged in two perfectly different ways. In one arrange- 
ment, every atom has eight nearest neighbours, the group 
forming a cube containing nine atoms in all: this is known 
as alpha-iron. When the iron is heated up to its critical 
temperature, the arrangement of the atoms changes 
suddenly and each atom is surrounded by twelve nearest 
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neighbours; the atoms are more closely packed, and the 
iron in this condition is known as gamma-iron. Alpha-iron 
is magnetic, and gamma-iron is non-magnetic. 

The phenomenon of Recalescence may be exhibited by means 
of a length of piano-wire, about 6 ft. long, supported horizontally ; 
one end is fixed, and the other end, with a weight attached, passes 
over a small grooved wheel. A long ‘ pointer’ is attached to the 
wheel, so ‘as to observe more accurately any change in length. 
When the wire is gradually heated, by sending through it a strong 
electric current, the movement of the pointer indicates the normal 
expansion due to increasing temperature. But when the critical 
temperature is reached, the pointer momentarily stops, turns back 
a little way, and then goes on as before. The reason for the 
shortening is that, at the critical temperature, the alpha-iron is 
converted into gamma-iron, in which the atoms are more closely 
packed. On allowing the wire to cool, the gradual contraction 
continues until the critical temperature is reached, when there 
is a momentary expansion, followed by the normal contraction. 

: Each of the ferromagnetic metals, when quite pure, regain 
their ferromagnetism, on cooling, at the same temperature 
as that at which they lose it on heating ; but it is not true 
in the case of alloys. The addition to the iron of another 
metal seems to delay the change from gamma-iron to alpha- 
iron; thus, in the case of Hadfield’s manganese steel (12 
per cent. manganese), if it is heated to about 1000° C. and 
then suddenly quenched in water-spray, the alloy is dis- 
tinctly tough, ductile and non-magnetic ; the transformation 
to alpha-iron is delayed until the metal is cold, and then it 
is too late. But if the alloy is heated and allowed to cool 
slowly, it is hard, brittle and magnetic. Thus it appears 
that the behaviour of manganese-steel, in these respects, is 
opposite to that of ordinary steel. 

Heusler’s Alloy.—Each of the metals copper, manganese 
and aluminium are non-magnetic; yet, when these are 
alloyed in a definite proportion, the substance formed is 
strongly ferromagnetic. The best result is obtained when 
the composition corresponds to the chemical formula 
Cu,MnAl: it is known as Heusler’s alloy. ; 

This remarkable fact suggests that the magnetic proper- 
ties of the ferromagnetic elements may not be due to any 


a 


CRITICAL TEMPERATURE AND RECALESCENCE 11 


special magnetic property of the single atom, but that it 
arises from some special grouping of atoms. The distinction 
between alpha-iron and gamma-iron also suggests that the 
magnetic properties depend upon the grouping of the atoms. 

Permalloy and Mumetal.—These are nickel-iron alloys 
which are easier to magnetise than soft iron; but they lose 
their magnetisation completely the moment the source of 
the magnetisation is withdrawn. It has been found that, 
owing to this property, by wrapping a thin tape of either of 
these alloys round the copper conductor of a submarine 
cable, thus making what is called a ‘loaded’ cable, it is 
possible to increase the speed of signalling to three times 
what it would have been without such loading. These 
alloys contain about 78 per cent. of nickel and about 22 per 
cent. of iron, with, in some cases, a little copper. 


SUMMARY 


The Lodestone is practically the only form of natural magnet. It 
is an oxide of iron (Fe,O,), and the mineral is known as magnetite. 

The more common forms of artificial magnets are The Bar- 
magnet and The Horse-shoe Magnet. 

Laws of Magnetic Attraction and Repulsion.—(i) Unlike Poles 
Attract, (ii) Like Poles Repel. 

Methods of Magnetisation.—(i) Single Touch, (11) Double Touch, 
(iii) Electric Current. 

Repulsion is the only sure test of magnetisation. 

A magnet has Consequent Poles when it exhibits regions of mag- 
netic polarity at other points besides its extreme ends. 

Besides iron, nickel and cobalt are the only metals which show 
marked magnetic properties. 

Magnetic Saturation of iron or steel is obtained when the metal 
fails to acquire a higher degree of magnetisation, however much 
the magnetising power is increased. 

Magnetisation is diminished, or perhaps destroyed, by rough 
handling or by extreme heat. : 
Retentivity is the capacity of retaining magnetisation after the 
magnetising power has been removed. Coercivity is the power of 

retaining magnetisation in spite of any subsequent treatment. 

The Critical Temperature approximately agrees with the tem- 
perature of Recalescence. 


CHAPTER II 
VELOCITY, FORCE, WORK, ENERGY, AND POTENTIAL 


THE science of Magnetism and Electricity cannot be clearly 
understood without a preliminary knowledge of the main 
principles of physical measurement: thus, Force, Work, and 
Energy are quantities which are frequently employed in the 
consideration of magnetic and electric phenomena. The 
present chapter is therefore devoted to a brief description of 
these principles, together with their applications of a more 
advanced nature which may be required in order to explain 
fully the measurements discussed in subsequent chapters. 
Velocity.—When any particle of matter is in motion it 
traverses a certain distance in a certain time. Velocity may be 
defined as the rate at which the particle changes its position. 


Numerically, the velocity is equal to the ratio spacediaversed 


time occupied © 
If the particle traverses a space /, in time ¢, then the velocity is 


5 ; / ide 
given by the equation, wes If the quantities 7 and ¢ are both 


equal to unity, then v is also equal to unity ; hence Unit Velocity 
is such that unit space is traversed in unit time. In the C.Gs. 
system (p. 515) a particle has unit velocity when 1 centimetre is 
traversed in 1 second. 

A complete statement of a velocity, at any moment, is 
obtained if we know its magnitude and its direction. Both of 
these quantities are capable of being represented graphically 
by means of a straight line, the direction of which indicates the 
direction of the velocity, and the length of which, drawn to a 
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stated scale, indicates the magnitude of the velocity. Thus, in 
Fig. 5, the velocity of A is in the same direction as that of Bs 
but its magnitude is twice as great. 

If the velocity is not uniform, then if the body moves through 
a short distance d/ in a time ad, which is so short that the 
velocity may be considered to have 
remained constant during that interval, 4" 
the velocity of the body, at that instant, 
is dl| dt. Here, al and at are in the B : 
notation of the differential calculus ; thus, i =: 

dl does not mean ¢@x/, but it is a symbol 
representing the sma// increase in a length 7 which takes 
place in the small time-interval dz. 

The Parallelogram of Velocities.—If a particle has two 
separate velocities, which are constant in magnitude and 
direction, imparted to it simultaneously, it will be found that 
the particle has a constant velocity in a straight line. This 
single velocity is called the Resultant Velocity, and the two 
original velocities are termed the Component Velocities. 

For example, imagine a man standing at the point A 
(Fig. 6) in a railway truck which moves uniformly in one 
second from A to A’, and imagine that at the same moment 


the man begins to walk from A at such a speed that he 
reaches B in one second. 


At the termination of 
one second the man is 
neither at A’ nor at B; 
his position is B’, and 
the line AB’ truly indi- 
cates the path which he has traversed. Since AB’ is the space 
traversed in one second, it represents the Resultant Velocity, of 
which AA’ and AB are the components. It is evident that 
the Resultant Velocity is represented by the diagonal of the 
parallelogram of which the Component Velocities are adjacent 
sides. 

Acceleration.—When a particle is moving with a gradually 
increasing or decreasing velocity, then the rate of change of the 
velocity is termed the Acceleration. If the velocity increases 
uniformly from v, to v% during a period of ¢ seconds, then the 


Fre. 6. 
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5 Gp 7), 
acceleration = ~—~*. 


In C.G.S. units, this ratio states how 


much the velocity (in cms. per second) changes in one second ; 
hence, an Acceleration is always expressed as ‘so many cms. 
per second per second.’ 

In the notation of the differential calculus if the velocity of a 
body, at a time ¢, is equal to v cms. per second, and is equal to 
v+dv cms. per second at a time ¢+d/, then the acceleration is 
equal to the ratio dv/dz. 

Unit Acceleration is defined as a change of velocity of one 
centimetre per second in one second. 

Force.—The visible effects of Force are evident in all cases 
where, acting upon a particle, it causes an increase or decrease 
in the previous motion of the particle. The same idea may be 
expressed in other words thus: A force is that which tends to 
change the Quantity of Motion (or Momentum) already possessed by 
any particle on which the force is acting. Also, the change in 
the Quantity of Motion depends upon both the magnitude of the 
‘Force and also on the time during which the Force is acting. 
Hence Force may be measured by the rate at which it causes 
change of Momentum. 

If F=force, #=mass, v.=initial velocity, v,=final velocity, 
and ¢=time interval during which the force acts, and a=ac- 
celeration, then 

Fao _ fe _ i) =A 
zt z 

From this equation it is evident that if both m and a are 
equal to unity, then F also equals unity. Hence Unit Force 
creates Unit Acceleration in Unit Mass. If the units of mass 
and length are 1 gram and I centimetre, then unit force is 
that which, acting on a mass of 1 gram for 1 second, will give 
to it a velocity of r centimetre per second. This unit of force is 
called the Dyne. 

The force due to gravitation, by which every particle is 
attracted towards the centre of the earth, is perhaps the most 
familiar example of a force ; this force, acting on any given 
mass, is generally termed the Weight of that mass. Experiment 
has proved, when this force is allowed to act freely on a mass, 
that an acceleration of 981 cms. per second per second is 
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imparted to the mass. Hence, in the formula F=ma, it 
m=I gram, and a=981 cms. per sec. per sec., then 
F =(1 x 981) dynes, or 
‘The weight of 1 gram’=981 dynes. 


Hence I dyne= a x weight of 1 gram. 


In the British System of units, the force of gravity acting on 
a mass of I pound imparts to it an acceleration of 32.2 feet per 
sec. per sec.; then 
‘The weight of 1 pound’=32.2 British units of Force, 
(or Poundals). 


Hence, 1 Poundal =—— x Weight of 1 lb. (=4 oz. weight 


approx.). 

Equilibrium of Forces.—Two or more forces may act ‘at a 
point in a body without necessarily causing motion; if the several 
forces tend to produce equal motion, but in opposite directions, 
then the body will remain at rest. For example, a body resting 
on a table is acted upon by a force (the weight of the body) acting 
vertically downwards, but the tendency of this force to produce 
motion is neutralised by an equal force due to the resistance of 
the table, acting vertically upwards ; so also a body supported 
by a thread is at rest under the action of two equal and opposite 
forces, viz. : the weight of the body and the tension of the thread. 

The Parallelogram of Forces.—The principle of the Par- 
allelogram of Velocities (p. 13) applies equally to cases in 
which the given velocities are imparted in unit time (z.e. to cases 
in which accelerations are the data); in other words, the 
principle of the Parallelogram of Accelerations is just as true as 
that of the Parallelogram of Velocities. Also, since every force 
is measured by the acceleration imparted to a given mass, it 
follows that the same principle may be applied to Forces. The 
principle of the Parallelogram of Forces may be stated thus : 
Two forces acting on any mass will produce the same effect as 
though it were acted upon by a single force, represented in magni- 
tude and direction by the diagonal of a parallelogram, the adjacent 
sides of which represent the two component forces. This single 
force is called the Resultant Force. 
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Expt. 13.—Clamp a drawing-board vertically, and attach light 
pulley wheels to nails driven in the top corners. Join three cotton 
threads together at the 
point A (Fig. 7), andattach 
masses of known weight to 
the ends of the threads, 
and so adjusted that Fj is 
less than the sum of F, 
and F;. 

The particle A may be 
considered as being at rest 
under the action of three 
forces, F,, F,, and F;. If 
we consider the force F, 
only, then, since A is at 
rest, the resultant of F, 
and F; should be equiva- 
lent to an upward force, equal in magnitude to the downward force Fj. 

Pin a piece of white paper on the board and behind the threads. 
Mark on the paper, by means of a needle, the position of the point A 
and also the directions of the forces F,, Fy, and F;. Remove the 
paper, draw with a pencil the direction of the forces, and mark off 
lengths AC and AD, drawn to any suitable scale and proportional to 
the respective forces F, and F;. Construct a parallelogram on AC and 
AD and draw the diagonal AE. AE is the vesudtant of AC and AD, 
and should be equal and opposite to the force Fy. 


Fic. 7. 


Resolution of Forces.—By reversing the process of the 
Parallelogram of Forces, we may resolve a single force into 
two others acting in ivy 
directions inclined to "Sy a ae 
one another at any x 
angle not greater | 
than two right angles, 
which shall be equi- {| 
valent in effect to the O 
original force. More 
frequently, the re- mie 3 
solved forces are made to act in directions at right angles to each 
other. Thus, if the force OA (Fig. 8) is to be resolved into two 
forces acting in the directions OX and OY, from A draw AB 
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and AC parallel respectively to OY and OX. Then OB and OC 
represent the resolved forces in magnitude and direction. 

The Moment of a Force.—When a body, free to move, is 
acted upon by a force, it will move in obedience to that force, 
and in the direction in which the 
force is acting. This result ceases 
to hold good when the body is only 
capable of rotation round a fixed 
point. Fig. 9 represents a disc 
capable of rotation round O. The 
torque, or turning-power, of the 
force F depends upon both the 
Magnitude of F and also upon 
the length of the arm OP. If F 
is replaced by an equal force F’, the 
turning-power is evidently less than before, although the force is 
acting at the same point P ; the torque of F’ depends upon the 
length of the arm OP’, since the point of application of F’ may 
be moved from P to P’ without in any way altering its effect. 
The product of the magnitude of a force into the perpendicular 
distance between the axis of rotation and the direction of the force 
zs called the Moment of the force. Hence 

Moment of F =F x OP 
i ei TOR. 

When two forces are acting on a 
body, and both tending to produce 
rotation, the resultant motion is deter- 
mined by the sum of the moments of 
the two forces. The two directions of 
rotation are distinguished by regarding 
the anti-clockwise direction as positive 
and the clockwise direction as negative. 
In Fig. to the sum of the moments of F 

stipe and F’ may therefore be expressed thus : 
(F’x OP’)—(Fx OP). If this quantity is equal to zevo the body 
will remain at rest, or (F’x OP’)—(F x OP)=o, 
KX OP lex OP: 
FLOR 
PoP 


Fic. 9. 


j= 


I 
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Couples.—Two equal opposite and parallel forces, whose 
lines of action are not the same, constitute a Couple (Fig. 11). 
The sum of the moments will now be 

— F(OP + OP’)= —(F x PP’). 
Hence, the moment of a Couple is equal 
to one of the forces multiplied by the 
perpendicular distance between the two 
forces. 

The action of a Couple on a body 
which is capable of rotation round a fixed 
axis is an important problem, especially 
in the case of a magnet swinging in a 

Fic. rr. magnetic field. Fig. 12 represents a 
disc acted on by a Couple F,F,, con- 
sisting of two equal forces acting in a constant direction. In 
the position F, the disc has foftential energy (p. 21), which is 
gradually converted into &imefic energy 
(p. 21) as the disc rotates into the position 
F,, where all the energy is kinetic ; but 
the momentum of the disc carries it 
beyond the position F,, and its energy 
again becomes potential. The disc gra- 
dually comes to rest in the position Fs, 
and then swings back to its original 
position; the amplitude of the swings 
gradually becomes less owing to friction 
with the air and in the bearings or sup- 
ports, and finally comes to rest in the 
position F,. The rate of swing depends 
upon the Moment of the Couple and 
upon the Moment of Inertia (p. 22) of 
the disc. 

The Tangent Law.—This law may 
be expressed in the following words: 
The tangent of the angle of deflection is proportional to the 


deflecting force. The law may be proved by the following 
experiment : 


Fic. 12. 


WORK ic 


Expt. 14.—Fasten a sheet of white paper on a drawing-board 
which is clamped in a vertical position. Fix a small nail at the point — 
O (Fig. 13). Suspend from O a string 
_ carrying a scale-pan (of known weight, 

p). Attach at Q, by a tight slip-knot, 
a second string, passing over a pulley- 
wheel P, and carrying a scale-pan 
(weight 2’) at the other end. Place 
a weight W in the pan 4, so that 
the total weight is 20 grams. Adjust 
the string PQ so that it is quite hori- 
zontal, and draw the line PQ in pencil 
by means of a straight-edge. Measure 
the length OQ. Place a weight zw in 
the pan #’ so that the total weight is 
5 grams. Adjust Q until PQ is again 
horizontal, and mark the point S. 
Measure QS. Increase the weight w, 
so that (w+ /’) is 10 grams, and re- 
peat the previous readings ; also when 
(w+’) is 15 grams, and so on. 


In this experiment the deflect- 
ing force (F) is the weight (w+7’, iets 
and the angle QOS is the angle 

w+p’ 


of deflection. It will be found that the ratio fan OOS is a 


constant quantity. , 

Work.—When a force acts upon a body and causes it to 
move in the direction in which the force is acting then the force 
is said to do work. The quantity of work done is proportional 
to the force and to the distance through which its point of 
application moves. Hence, if the point of application of a force 
F moves through a distance s, and if W is the work done, then, 
when suitable units are selected, 

Wi=Fis; 

The C.G.S. unit of work is the quantity of work done when a 
force of one Dyne acts through a distance of one centimetre. This 
unit is called the Erg. Since the Dyne is approximately equal 
to the weight of 1 milligram (p. 15), it follows that nearly I erg 
of work-is done when 1 milligram is raised vertically through 
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Pd centimetre. Also, in raising a mass of 1 kilogram from the 
floor to the table (say, 80 cms. high), the work done 

=(1000 x 981 x 80) ergs=78,480,000 ergs=7.848 x TIO’ ergs. 

In practice the erg is found to be inconveniently small, and it 
is more usual to take 107 ergs as the unit of work, and this is 
called the Joule. The Board of Trade unit of work (or B.T.U.) 
is equal to 3,600,000 joules (this is equivalent to 1000 joules 
per second for a period of 1 hour). 

In the British system, the absolute unit of work is the Foot- 
Poundal, and is equal to the work done when a force of I 
Poundal acts-through a distance of one foot. 


Conversion of Foot-Poundals into Ergs. 
I 


é I 
1 Poundal= 52.8 x Weight of 1 lb, = (5 * 453.6) grams 
I 
= (5 X 453.6 x 98) dynes. 


1 Foot= 30.48 cms. 
Hence 
30.48 x 453.6 x 981 
32.2 
Work is sometimes measured in foot-pounds, in which the unit of 
force is the weight of 1 lb. This is called the Gravitational unit of 
Work. Since the weight of 1 lb.=32.2 Poundals, the foot-pound is 
equal to 32.2 foot-poundals. Also 


1 foot-pound = (4.211 x 10° x 32.2) ergs=(1.356 x 10”) ergs. 


1 Foot-Poundal= ergs=(4.2II x 10°) ergs. 


Power.—Power, Activity, and Mean Rate of doing Work are 
Total Work done 
Time occupied * 
In the C.G.S. system, unit power is that which is capable of doing 
unit work in unit time (7.c. one erg of work per sec.). The prac- 
tical unit, in the same system, is that which is capable of doing 
one joule (10' ergs) fer second ; this unit is called the Watt. 
In practical engineering the Horse Power is frequently used as 
a unit, and is equivalent to 550 ft.-lbs. of work per second. 
Conversion of Horse-Power into Watts. 
Since 1 foot-pound =(1.356 x 107) ergs= 1.356 joules, 
Then 
1 Horse-power (H.P.)=(1.356 x 550) joules per sec.=746 Watts. 
And t Kilowatt=1.3 H.P. approximately. 


synonymous, and are equivalent to the ratio 


ENERGY at 


Energy.—The work expended upon a body in raising it fon 
the ground is not lost, since, if allowed to fall freely upon some 
suitable mechanism, the same amount of work will reappear. 
. Thus, if a mass of 1 Ib. is raised through a height of roo ft., then 
Ioo ft.-lbs. of work have been expended on it ; if allowed to fall 
to its original position, where suitable mechanism is situated, 
then Ioo ft.-lbs. of work will be imparted to the mechanism. 
The capacity for doing work is termed Energy. Before the 
mass is allowed to fall, the energy is stored-up in it although 
the mass is at rest ; in this case the energy is termed Potential 
Energy (or, exergy due to position). ‘When the mass has been 
allowed to fall freely, and has just arrived at its original position, 
then it has lost all its Potential Energy, but it still has the same 
total capacity for doing work, owing to its velocity of motion ; 
in this case the energy is termed Kinetic Energy. 
Determination of the Kinetic Energy of a Falling 
Body.—A falling body (mass 7) is acted upon by a constant 
force (the force of gravitation) which imparts to it a constant 
acceleration. This is expressed by the formula, F=2za, 


Work done on the body= Force x distance 
=Fs=mas. 

The Kinetic Energy possessed by the body must therefore be equal 
to the product 7zas. This may be further simplified by the follow- 
ing reasoning : 

The Velocity acquired by the body=acceleration x time, 

or, V=azZ, 


also, the space traversed = average velocity x time, 
Vv 
or, S=>xt=fal?, 


VV mV? 
Hence, Kinetic Energy = mas=™m x — xX — x ier 


Energy of Rotation.—When a particle of mass m is 
moving in a circle (of radius 7) with angular velocity w, then 
Kinetic Energy =}v?=}m(wr). 


When a body, such as a magnet, is swinging to and fro, we 
may regard it as consisting of a large number of separate 
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ppzriicles, M2, Mz etc., all travelling with the same angular 
velocity, but at different distances 74, %, etc., from the centre 
of rotation. Hence 


Kinetic Energy =377,0°7?7+3mw7 +... 
2 
@” 9 9 
=e (myr Pt more t+...). 


The sum of the series included in the bracket is called the 
Moment of Inertia of the magnet. 

Also, if M is the total mass of the body, and if we find a 
length & such that 

MP = my ytmyret.., 
then £ is called the Radius of Gyration. 

Transformation of Energy.—In the previous section, the 
case of a falling body exemplified the transformation of Potential 
into Kinetic Energy. So also, when a body is projected vertically 
upwards, its initial Kinetic Energy is gradually transformed into 
Potential Energy. These two forms of energy are therefore 
mutually convertible. 

Suppose that a falling body, at the moment of returning to its 
original position, does not fall upon any mechanism, but is 
allowed to strike the ground. What now becomes of its 
Kinetic Energy? It is certainly not lost, but assumes another 
form of energy, viz.: Heat. With suitable apparatus this 
Heat might be measured, and, if the observation is repeated, it 
would be found that the same amount of Kinetic Energy is 
converted into the same amount of Heat. So also can Heat, 
under suitable conditions, be converted into Kinetic Energy (as 
exemplified in the steam engine). 

Chemical Action is another form of energy; and energy is 
dissipated during the passage of an electric current. 

All forms of Energy are mutually convertible, providing that 
the conditions are suitable. Asa general rule, the considera- 
tion of numerous examples will indicate that the natural 
tendency of most forms of energy is to become resolved into 
Heat, which, when generated locally, tends to become distributed 
uniformly through space; but, it must be remembered, that 


though Heat becomes thus distributed, it is nevertheless not 
lost. 
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Also, no form of Energy can be generated without an 
equivalent loss in the same, or some other, form of Energy; also 
if Energy disappear in one form it will reappear in some other 
form. This generalisation is termed the Law of Conservation 
of Energy, and may be expressed in the following terms: 
The total amount of Energy in the universe is a constant quantity 
which can never be increased or diminished, although its form may 
be changed. 

Surfaces of Equal Potential—The forces acting on a 
smooth body resting on a smooth horizontal table are all 
vertical ; and no work will be done against, or by, these forces 
if the body is moved into different positions on the surface 
of the table. As a general rule, no werk is done on a body when 
it is moved in any direction at right angles to the force (or 
resultant force) which may be acting on it. In all positions on 
the table the mass will have the same potential energy, hence 
the surface of the table may be termed a surface of equal 
potential (gravitational). If the body is now raised up to the 
surface of a higher table, the work done on the body will impart 
to it an increased potential energy ; also, the surface of the 
higher table will be a surface of egual potential, but the actual 
potential energy will be greater than when the body was resting 
on the lower table. (If # gms.=mass of body, 4 cms.=vertical 
distance between the surfaces, and g=acceleration due to 
gravity, then the work done in raising the body=mgv ergs. 
This quantity is 2 measure of the increase of Potential Energy 
which the body acquires.) If the surfaces of the tables are 
extended in all directions, so that they are always at a constant 
height above the ground, and therefore always perpendicular 
to the direction of the force of gravitation, they will become 
spherical surfaces concentric with the earth’s surface. 

An exactly similar case is found in the force of attraction 
which a single N.-seeking pole, fixed in ‘position, exerts on 
a single S.-seeking pole in its neighbourhood. The Surfaces of 
Equal Potential (magnetic) will be spheres described round the 
N.-seeking pole as a centre. If the movable S.-seeking pole is 
pulled away to a distance work is done on it, and its potential 
energy will be increased. If the movable pole is N.-seeking, 
then work must be done in order to bring it nearer to the fixed 
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pole, and its Potential Energy is increased the nearer it is 
to the fixed pole. 

Circular Motion.—When a particle is moving in a circle with 
uniform velocity it is subjected to a constant acceleration (v*/7) 
which is acting towards the centre of the circle. 

Let P (Fig. 14) represent a particle traversing a circle 
radius » with uniform velocity v. If the particle were not 
constrained to move in a circle its 
path would be along the line PQ. 
Hence, some force must be acting on 
the particle ; and since the velocity is 
constant, any such force must always 
act perpendicularly to the path of the 
particle at any instant, ze. towards 
the centre. 

Let PR represent a very small arc, 
described in time 4 Then, during 
the same period, the constraining 
force will pull the particle through the distance QR. If 
a=acceleration due to the force, then QR=$az?,* also PO=vé. 

But (Euclid, iii. 36) QR x QS=(QP), 

or QREr+QR)=(QPY, 
or =. 27 (QR) +(QR)?= (QP). 

Since QR is small, (QR)? may be neglected. Hence 

2r(QR)=(QP)’, 


ar x taf?=viZ?, 


ar=v", 
gy 
sae Eiole'siv. nie ie WW aie leje nis bisie bia SIS SSIS a /siviale, (1) 


The Period (T) of the particle is the time occupied in 
describing one complete revolution. Hence T=277/v=27/w. 

Simple Harmonic Motion.—Suppose a particle P (Fig. 15) 
to move uniformly round a circle, of which AOA’ is any 
diameter. Draw PN perpendicular to AA’. 

As P travels round the circle, then N travels to-and-fro along 


AOA’. The point N is said to travel with Simple Harmonic 
Motion (S.H.M.). 
*From equation s=}az2, see p, 2t. 
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The Amplitude of N is the length OA. The Period of N is 
equal to the Period of P round the circumference of the circle. 

The acceleration of P may 
be resolved into horizontal and 
vertical components, and the 
acceleration of N will be equal 
to the horizontal component of 
that of P at the same instant. 
Since the total acceleration of 
P=v?/r=w*r?/r=w*r, therefore 
the acceleration of 

N=w’r cos 0=w°ON, 

and is directed towards O. 

Simple Harmonic Motion may therefore be defined thus: If a 
point moves in a straight line so that its acceleration is always 
directed towards, and varies as its distance from, a fixed point in 
the straight line, the point is said to move in 8.H.M. 

When N is passing the point O its velocity is equal to that of 
P round the circle. If the Period of P=T, then 


velocity of N at the point O=277/T. .............. (2) 


The Simple Pendulum.—In Fig. 16 the simple pendulum 
AB, consisting of a heavy particle of mass 
m suspended from A by a weightless thread 
of length 4, is displaced through an angle 0. 
If g¢ is the acceleration due to gravity the 
weight of m is mg. The weight may be 
resolved into two components, mgsin@ and 
mgcos@; the former acts in the direction 
of the tangent at C and tends to bring 
the bob towards B with an acceleration 
gsin@, while the latter acts along the 
thread and only tends to keep it taut.. If 0 
is very small, gsind=g0=g.BC/Z; or, the 
acceleration tending to bring the bob back to 
zts original position is proportional to the 
displacement, Hence the pendulum oscillates 
in S.H.M., and obeys the law stated in the previous para- 
graph. Consequently, if @ is so small that the path BC is 


Fic. 15. 


A 


Fic. 16. 
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approximately a straight line, the acceleration is equal to BC. 


Hieter g@.BC/=0BC, or o=Ne7/l. 

But w=27/T, where T=the period of one complete oscilla- 
tion ; therefore T=27V//g. 

If =the radius of gyration (p. 22), the Moment of Inertia (K) 
of the simple pendulum =7#?=m/?, since with a heavy particle _ 
we may regard the mass as concentrated at a single point at 
the lower end of the thread. Hence 

T =20N/][g=20NP]l¢=20N K/miz. 

Moment of Momentum.—The product force x éme is termed 
an impulse; and if an impulse acting on a body produces 
rotation round a fixed axis, then F¢=77zw7, where ¢ is the time 
during which the force acts, and w is the angular velocity 
imparted to a mass #7 at a distance 7 from the fixed axis. The 
product #zwx may be termed the angular momentum. 

The torque, or the tendency of a force to produce rotation, is 
measured by the moment of the force about the fixed axis ; 
or Fr=mwr/t. The product #zw7* is termed the moment of 
momentum about the axis; and it is evidently equal to the 
moment of the impulse about the axis of rotation. 

The forces acting on the individual particles of a rotating 
body do not act directly on each particle ; but they arise from 
the strain produced by forces applied externally. If the masses 
of the particles are 772,, mm, ... at distances 74, “:,... from the 
axis of rotation, then the torque is 


SAMA ot ... = (mor? /2) + (mywre?/t) +... 
={myrPt+merZt...}o/t 
=K.,w/23 
or, torgue=moment of inertia x angular acceleration. 


SUMMARY 
The velocity of a body may be defined as the rate at which it 
changes its position. 
If the velocity of a body is variable, the vate at which the velocity 
changes is called the acceleration. z 
A Force is measured by the rate at which it causes change of momen- 
tum of a body on which the force is acting. The fundamental formula 


QUESTIONS ON CHAPTER II 27 


for force is f=ma; from this, the c.G.s. unit of force (the Dyne) is 
defined as the force which will give to a mass of 1 gram an accelera- 
tion of I cm. per sec. per sec. 
I 
981 
I 
B212 

The Moment of a Force is the product of the magnitude of a force 
into the perpendicular distance between the axis of rotation and the 
direction of the force. 

A Couple consists of two equal and parallel forces acting in opposite 
directions. Zhe moment of a couple is equal to one of the forces 
multiplied by the perpendicular distance between the two forces. 

The Tangent Law. Zhe tangent of the angle of deflection is propor- 
tional to the deflecting force. 

Work is measured by the product of the force overcome and the 
distance, in the direction of the force, through which the point of 
application is moved. An erg of work is done when one dyne acts 
through a distance of 1 cm. A foot-pound of work is done when a 
weight of 1 Ib. is raised through a vertical distance of 1 ft. The joule 
is equal to 10’ ergs. 

Unit Power is that which is capable of doing unit work in unit time. 

The Watt is equal to 1 joule fer second. The Horse-power is equal 
to 33,000 ft.-dbs. per minute. 

Mechanical Energy is capacity for doing work. It may be kinetic 
or potential, The K.E. of a mass 7 moving with velocity w is $mv*. 

If a mass, which rotates round any fixed point, consists of a large 
number of separate particles 72;, 77, etc., situated at distances 7, 7, 
etc., from the axis of rotation, the expression (77?+ mr’+...) is the 
Moment of Inertia of the mass with respect to that axis. 

No work is required in order to move a mass between two points 
situated on a Surface of Equal Potential. 

If a point moves in a straight line so that its acceleration is always 
directed towards, and varies as its distance from, a fixed point in the 
straight line, the point is said to move in Simple Harmonic Motion. 


The Dyne is approximately equal to x weight of I gram. 


The Poundal ,, a5 x rs I lb. 
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1. During what time must a constant force of 60 dynes act upon a 
mass of 1 kilogram in order to generate in it a velocity of 3 metres per 


second ? 
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2. Calculate the force, in dynes, necessary to impart an acceleration 
of 1 ft. per sec. per sec. toa mass of I Ib. . 

3. How much work is done in raising a weight of 1 kilogram through 
a vertical height of 5 metres? 

4. A body of mass Io grams is projected vertically upwards with a 
velocity of 100 metres per second; what will be its potential and its 
kinetic energy when it has ascended to half its maximum height ? 

5. What is the potential energy of a mass of 25 kilograms raised to a 
height of 40 metres above the ground ? 

6. A bullet of 100 grams is discharged with a velocity of 400 metres 
per second from a rifle, the barrel of which is 1 metre long. Calculate 
the energy of the bullet when it leaves the muzzle, and the mean force 
exerted by the powder upon it. 

7. The nominal value of a horse-power is 33,000 foot-pounds per 
minute. Express this (i) in kilogram-metres per minute, and (ii) in ergs 
per second. 

8. Calculate the kinetic energy of a tram-car weighing 2.5 tons, when 
it moves at 6 miles an hour, and is loaded with 36 passengers, averaging 
g stone each in weight. If the resistance due to friction is equal to } of 
the total weight, find how much work is done when the loaded car 
travels 3 miles along a level road. 

g. A reservoir of water, of area 330,000 sq. ft., is initially of uniform 
depth to ft. How many ft.-lbs. can it supply to a turbine on a level 
with the bottom of the reservoir, and what horse-power can it maintain 
on the average if it be emptied in 10 hours? (1 c. ft. water weighs 62.4 
Ibs. ) 


CHAPTER III 


THE LAW OF INVERSE SQUARES, UNIT POLE- 
STRENGTH, AND FIELD INTENSITY 


The Law of Inverse Squares.—The lifting power of a magnet 
was the only method of comparing magnetic forces until the 
year 1780, when Coulomb introduced more accurate methods of 
measurement. He applied two methods, depending (i) upon the 
rate of swing of a magnetic needle when suspended horizontally 
by means of a silk thread, and (ii) upon the torsion of a thin 
silver or copper wire (as applied in his Torsion Balance). 
Coulomb applied both methods in order to compare the mag- 
netic strengths of magnets, and also deduced therefrom the 
Law of Inverse Squares, which may be stated thus: The force 
with which two magnet poles attract or repel each other is in- 
versely proportional to the square of their distance apart. 

METHOD I (BY THE RATE OF SWING OF A MAGNET).—Sup- 
pose a short magnetised needle, suspended horizontally by means 
of a silk fibre, to swing freely in the earth’s field; if the magnet 
describes 7 complete vibrations in I minute, then the magnetic 
force due to the earth is proportional to 7? (p. 84). Ifa long 
bar-magnet is now placed to the north of the needle with its 
axis in line with that of the swinging needle and with its S.-seek- 
ing pole pointing towards the needle, and at a distance d, cms. 
from it, then, if 7, oscillations are now made in one minute, 7,” 
is proportional to the szm of the forces due to the earth and 
the bar-magnet. The force due to the bar-magnet alone is 


proportional to (7,?—7”). 
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If the distance between the bar-magnet and the needle is now 
increased to d, cms., and 7, oscillations are described in one 
minute, the force due to the magnet alone is proportional to 
(1,7 — 7°). 

The following equation is found to be true: 

foi — 96 hg 
ng —n ay? 


The Magnetoscope.—A simple piece of apparatus, termed a 
magnetoscope, may be used for the detection 
and comparison of magnetic fields of force. 
The form shown in Fig. 17 consists of a very 
short piece of a rat-tail file strongly magnetised, 
and suspended by a single silk fibre. The rate 
of vibration is observed more accurately if a 
beam of light is reflected from a silvered micro- 
scope cover-glass attached to the magnet. 

The Magnetometer. — A magnetometer 
(Fig. 18) consists of a short magnetised needle, 
pivoted or suspended at the centre of a circular 
scale; a long pointer made of thin metal wire, 
or foil, or of drawn-out glass, is attached to the 
needle. The base-board is prolonged on opposite 
sides of the circular scale, and a wooden centi- 
Te epeaA apnea ete scale is fixed on each of these arms and 

scope. adjusted so as to measure distances from the 
centre of the needle. 

EXPT. .15.—Place a bar-magnet on the table with its axis in the 
meridian and with its N.-seeking pole pointing towards the north. 


Fic. 18.—A Magnetometer. 


Place a magnetoscope with its centre 10 cms. due south of the S.- 
seeking pole of the magnet, and observe the number 7, vibrations in 
one minute. Repeat the observation at a distance of 15 cms, and 
observe the number 7, vibrations in one minute. Finally remove the 
magnet and observe the number z vibrations due to the earth alone. 
Verify the formula given above. 
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_ tends to return to its 


narrow glass tube, 
_ and its upper end is 


METHOD 2 (BY COULOMB’s TORSION BALANCE). -—When a 
mass is suspended by means of a thin metal wire it takes up a. 
definite position of rest ; but when the mass is rotated round its” 
point of support ennente is set up in the wire, in consequence of 
which the wire tends to resume its original position of rest. It 
can be proved that the 
moment of the force 
with which the wire 


original position is 
proportional to the 
amount of torsion 
measured in degrees. 

The.Torsion Balance 
(Fig. 19) consists of a 
cylindrical glass vessel 
round the side of which 
a scale is etched. A 
silver. wire carrying 
the horizontal magnet 
is suspended inside a 


attached to a brass 
torsion-head which can 
be rotated, and the == === 
amount of rotation can Fic. 19. DCuieae 'S Tarte Balance. 


be observed by means 
of a circular scale etched on the rim of the torsion-head. Pro- 


vision is also made for the support of a vertical magnet of such 

length that its lower pole approximately coincides in position 

with that of the similar pole of the suspended magnet. , 
Suppose the torsion-head to be so adjusted that the axis of 


_ the magnet is in the meridian (NS. Fig. 20), and that the torsion- 


head is then rotated through 90°. The torsion of the wire will 


tend to rotate the magnet into a plane perpendicular to the 


NY al 


meridian, but the earth’s field will tend to keep the magnet in 
the meridian ; the intermediate position taken up by the magnet 


_ will depend upon the relative magnitude of the moments of these 
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forces. Ifthe magnet is deflected through 6°, then the torsion 
in the wire is (90—@). The force mH due to the earth may be 
resolved into two components, ma acting 
along the length of the magnet and 
ineffective in its action on the magnet, 
and mé acting at right angles to the mag- 
net. Since mb=mHsin 6, the moment 
of the torsion is really balanced by the 
moment of the force #Hsin 6; but, if 6 
is small, sin 9=6@ approximately, hence we 
may say that a deflection of 0 degrees in 
the earth’s field is balanced by a torsion 
of (90-6). Finally, a deflection of 1° is 
N balanced by a torsion of (90 — 6)/0. 
In Coulomb’s original experiment, a 
magnetised steel wire 56 cms. long and 
2 mms. diameter was used, and he found 
that a torsion of 35° was necessary in 
order to produce a deflection of 1°. On 
H introducing the vertical magnet, the de- 
Re. sa, flection was 24°. The repulsion between 
the poles was then neutralised by two 
effects, (i) the force due to the earth’s field, and (ii) a torsion of 
24° in the wire. The force due to the earth was equivalent 
to a torsion of (24x35) =84o°", so that the repulsion was 
balanced by a total force equivalent to (840+24)°=864° of 
torsion. In order to reduce the deflection to one-half its former 
value (z.e. to 12°), it was found necessary to rotate the torsion- 
head completely round 8 times, ze. through (8 x 360)° =2880°. 
The total torsion in the wire was now (2880+ 12)°=2892° ; to 
this must be added the force due to the earth’s field, viz. 
(12 x 35) =420°. Hence the repulsion was balanced by a total 
torsion of (2892 + 420) = 3312°. 


v 

‘ 

H 
Is 
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' 
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Repulsion at 12° 3312 


H ak tlhe ty Se ed 
ae Repulsion at 24° 864 


=+ approximately. 

It is here assumed that the dear distance between the poles 
is proportional to the amgudar distance between them. This 
assumption is only justified when the angular distance @ is so 


LAW OF INVERSE SQUARES 33 


small that sin@=6 approximately. This is discussed fully on 
p. 127. 

METHOD 3 (DEFLECTION METHOD).—This method depends 
upon the principle that the tangent of the angle of deflection is 
proportional to the deflecting force (see p. 18). The necessary con- 
ditions for the experiment are obtained by placing a magnet pole 
due E. or W. of the centre of a suspended magnet which is con- 
trolled by the earth’s field; the tangent of the angle of deflection 
is observed when the pole is situated at various distances from 
the suspended magnet. Since the two poles of a bar-magnet 
would produce opposite effects, it is necessary to adopt means 
of practically eliminating the effect of one pole; this may 
be approximately done by using a very long bar-magnet, so 
that one pole is too distant to exert an appreciable deflecting 
force. 

Another method of eliminating the action of one pole is to 
support the deflecting magnet so that the one pole may be fixed 
vertically over the centre of the needle while the other pole rests 
on the scale of the magnetometer. 


Expt. 16.—Adjust a magnetometer (p. 30) so that the pointer is 
over the zero of the circular scale. Place a long magnetised knitting- 
needle (45 cms. long) on the right-hand scale, with its near pole 15 
ems. from the needle, and note the deflection (reading both ends of 
the pointer, and taking the mean reading); reverse the magnet and 
repeat the readings. Transfer the magnet to the left-hand scale, 
place it at the same distance from the needle, and iake the same set 
of readings. Make the same observations at distances of 20 cms., 25 
cms., etc. Record the observations in the following manner : 


Gauss’s Proof of the Law of Inverse Squares.—A more 
rigorous proof, due to Gauss, of the Law of Inverse Squares is based 
H.M. B 
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- upon a comparison of the magnetic force in the field of a short 
bar-magnet at two points (A and B, Fig. 21) equally distant from 
the centre of the magnet, one point being 
in line with the magnet’s axis and the 

other situated on a line perpendicular to 

the axis. : 

: By reference to p. 78 the student will see 

that these relative positions correspond to 

\ the tangent (A) and (B) positions of Gauss 5 

and that when M is the moment of the mag- 
Sa Oune & Meany A net, 27 cms. its length, and @ is the distance 

Fic. 23. AO, then 
the force acting on unit pole at A is ao approx., and 
. " as Bis ase =% approx. 
(d?+ 7?)? 

These formulae are derived on the assumption that the Law of Inverse 
Squares ts true. Hence, if it can be proved experimentally that the 
forces at A and B are in the ratio of 2 to 1, the Law is thereby verified. 
The experimental method consists in observing the deflection of a 
delicately suspended magnet attached to the back of a small mirror 
(whereby the deflections are accurately determined: see p. 96), with 
the deflecting magnet (i) in the 4 fosztzon (ii) in the B fosition, the 
distance of the centre of the magnet being the same in the two cases. 
Since che tangent of the angle of deflection ts proportional to the deflecting 
force, then the Law of Inverse Squares is verified when tan @,/tan 0,=2. 

The Unit of Magnetic Pole-strength—Two magnet poles, 
of which the strengths are represented by mm, and m, may be 
regarded as built up of #2; and mz, smaller poles each of unit 
strength. Each unit-pole in the one will exert a certain force 
on each unit-pole in the other, and the Zo¢a/ force between the 
magnet poles will be (#2, x m,) times as great as this. Hence 
the mutual force of attraction or repulsion between two magnet 
poles is proportional to the product of the pole-strengths; it is 
also inversely proportional to the square of their distance apart. 
Hence the force / may be written 
mm 
Saat F=k DB Bs te Biers 
where & is a. constant depending for its magnitude upon the 
units in which 4, #, and d are measured. If the poles are equal 
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in strength then f=. m?/d®, and the unit pole strength is so 
chosen that #=1 when / and @ are both also equal to unity; 
the value of & will thus also be equal to unity, and the above 
formula may be written 
me 
Jey. 

The unit magnet pole is that which, when placed at a distance of 
1 cm, from a similar and equal pole, is repelled with a force of 
1 dyne. 

EXAMPLE. —Two long knitting needles are each suspended by two 
threads 30 cms. long, attached at either end, so that the needles hang 
in a horizontal position and just touch along their whole length. The 
needles are then equally magnetised, after which they repel each other, 
so that the distance between them is 2 cms. If each needle weighs 
5 grams and g is 980 cms./secs.*, calculate 
the strength cf one of the poles of either 
needle. 

Let A and B (Fig. 22) represent a pole 
of each magnet, OA and OB the threads to 
which they are attached. The force of 
repulsion between them is 

me 


J=AR esis .B 
and the Zo/a/ magnetic repulsion of needle Ais 2/ 
2m Fr ‘J 
IG. 22. 


Py fm AB? 
The needle A is at rest under the action of two forces, 2f/and we, of 
which the moments round O must be equal and opposite. Hence 


am OC=wex AC, 


pe wgAC _ A yx Res. 18.08 ¢.G.S. units. 
or m=ABal 20 = ean 


Intensity of 2 Magnetic Field (27 absolute measure).—Both 
poles of a magnet, situated in a magnetic field, experience a 
definite force acting in a definite direction ; the magnitude of 
the force is proportional to the pole strength (7) of the magnet 
and to the strength (H) of the field, or 
f=. mH. 
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The units in which 4 #, and H are measured are so chosen 
that A=1 ; in which case, f=mH. Hence, a magnetic field has 
unit intensity when a unit magnet pole situated in the field is 
acted on by unit force (one dyne). 

This unit of intensity is sometimes called a Gauss. 

Comparison of Magnetic Fields by means of a Swinging 
Magnet.—Since the square of the number of swings (72) 
described in any given time is proportional to mH/I 
(p. 84), then, for any given magnet we may say that #? is pro- 
portional to H, since we may assume that m and I remain 
constant during the period of an experiment. This fact affords 
a method of comparing various magnetic fields, the procedure 
resembling that described under Method 1 (p. 29). It is 
necessary to assume that the forces in the magnetic field are 
either horizontal or inclined at the same angle to the horizon. 


Expt. 17.—Compare the intensities of the magnetic field at various 
points of a room by means of a magnetoscope or a short bar-magnet 
suspended horizontally. Observe, in each case, the time required 
for at least 20 complete oscillations, and calculate the number (7) 


which would be described in one minute. Apply the formula 
H,/H.=2,2/2,2. 


SUMMARY 


The Law of Inverse Squares is stated thus: Zhe force with which 
two magnet-poles attract or repel each other is inversely proportional 
to the square of their distance apart. It may be experimentally proved 
by the following methods : 

(i) By the rate of swing of a magnet. 
(ii) By Coulome’s Torsion Balance. 
(iii) By the deflection method. 

Gauss’s proof of the above law is the most satisfactory. 

A magnet-pole of unit strength zs such that, when placed at 
a distance of 1 cm. from a similar and equal pole, it is repelled with a 
Jorce of 1 dyne. 

A magnetic field of unit intensity zs zat Jjield in which unit 
magnetic pole ts acted on by unit force. 

The intensities of magnetic fields may be compared by observing the 
rate of swing of a suspended magnet: the intensity in any case is 


proportional to the square of the number of swings described in a given 
time. 
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QUESTIONS ON CHAPTER III 


1. Describe a method of proving that the force exerted by a magnetic 
pole varies inversely as the square of the distance. 

What is meant by a pole of unit strength? 

2. Describe how a long magnet may be placed in a position such 
that one of its poles deflects a compass while the other does not affect it. 

3. A magnetic needle is suspended horizontally at a considerable 
height above the centre of a bar-magnet lying horizontally in the 
meridian. The N.-seeking pole is towards the North, and the needle 
makes 10 oscillations in 1 minute; the magnet is reversed, and the 
needle now makes 18 oscillations in 1 minute. At what rate would it 
vibrate under the influence of the earth only ? 

4. A long thin piece of steel is uniformly magnetised parallel to its 
length. How would you prove that it exhibits the two opposite 
magnetic properties in an equal degree ? 

5. A small suspended magnet makes 10 oscillations per minute 
under the influence of the earth’s field alone. A bar-magnet is brought 
near it so as not to disturb the dvection of the pointing of the suspended 
magnet ; but so that the latter now makes 14 oscillations per minute. 
What would the frequency be if the magnet were now reversed pole for 
pole? 

6. A bar-magnet is placed with its centre due east of a compass 
needle, and with its axis parallel to the magnetic meridian. How will 
you determine whether the intensity of the magnetic field at the needle 
is increased or diminished? Further, how will you compare the field 
with that which existed there before the bar-magnet was brought near ? 

7. A horizontally suspended magnetic needle makes 13 vibrations per 
minute when no magnets are near. When a bar-magnet is placed 
north of the needle with its axis in the magnetic meridian and its N. 
pole towards the needle, the latter makes 7 vibraticns per minute. 
How many will it make when the bar is similarly placed at the same 
distance south of the needle, its N. pole being again directed towards 
the needle? 

8. The repulsive force between two poles is 20 dynes when they are 
5cms. apart. What will it be if the distance is increased to 6 cms. ? 
__g. A magnet of pole strength 1500 and length ro cms. is placed ona 
table. Find the intensity of field produced at (i) a point abreast of its 
_ middle point and 20 cms. distant from it, and (ii) at a point on the line 

of the magnet’s axis and 20 cms. distant from its middle point. 
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10. Investigate the intensity due to a straight bar-magnet (i) at any 
point on its axis, (ii) at any point in the line through its centre perpen- 
dicular.to its axis, the distance from the magnet being great compared 
with its length. 

Describe how you would carry out an experiment to test the inverse 
square law of magnetic action, using the results of this investigation. 

11.. A small compass needle makes 10 oscillations per minute under 
the influence of the earth’s magnetism. When an iron rod 80 cms. long 
ts placed vertically with its lower end on the same level with and 60 cms. 
from the needle, and due (magnetic) south of it, the number of oscilla- 
tions is 12 per minute. Calculate the strength of pole of the iron rod 
(i) neglecting, (ii) taking account of, the influence of the upper end. 


CHAPTER IV 


MAGNETIC INDUCTION, AND FIELDS OF 
MAGNETIC FORCE 


Magnetic Induction.\—_The phenomenon of Magnetic In- 
duction is suggested by the observation that ecther end of a 
piece of unmagnetised iron or steel is attracted by either pole of 
a bar-magnet. The attraction which is observed may simply be 
an application of the fundamental law that Unlike Poles Attract. 
Subsequent experiments will show that the proximity of a pole 
of a permanent bar-magnet temporarily creates opposite polarity 
in the near end of the iron and also similar polarity in the 
distant end. Temporary polarity set up in this manner is 
termed induced magnetism. 

Expt. 18.—Suspend a strip of soft iron? horizontally, and fix a bar- 
magnet near to it and with the N.-seeking pole close to one end of the 
soft iron (Fig. 23). In order to test § atin 
the polarity set up in the iron, slowly 
bring the S.-seeking pole of a second 
bar-magnet towards the near end of — - 
the soft iron; observe the slight re- Fic. 23. 
pulsion. Test the distant end of the soft iron by means of the N.- 
seeking pole, and again observe the repulsion, Remove the first 


1The term ‘magnetic induction’ is also used, in a quantitative sense, to denote 
magnetic flux (p. 69 and Chap. XXI), and it is unfortunate that the same word 
should be used to denote the phenomena described in this paragraph, It has been 
suggested that the expression ‘magnetisation by influence’ should be used in the 
present instance, but it is perhaps inadvisable to introduce a term which is not gene- 


rally recognised. 
2Narrow strips of tinned iron are very suitable for experiments on magnetic 


- induction. 
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bar-magnet to a distance, and observe that both ends of the soft iron 
are now attracted by a neighbouring pole of a bar-magnet. 


Magnetic Induction may be transmitted through several 
pieces of soft iron. 


Expt. 19.—Clamp a bar-magnet in a vertical position, and attach to 
the lower pole a strip of soft iron. Bring several wire-nails into contact 
with the strip of iron, and notice how long a chain of nails can be 
supported (Fig. 24). Test the polarity of the extreme end of the chain 
by means of a compass-needle. 


i = 


Fic. 24. Fic. 25. Fic. 26. 


Two or more bar-magnets may either aid or oppose eaeh 
other in imparting induced magnetisation to soft iron, according 
to the positions of the bar-magnets relatively to the soft iron. 

Expt. 20.—Arrange the apparatus as in Expt. 19, with the N.- 
seeking vole of the bar-magnet downwards. Place the S.-seeking pole 
of a second bar-magnet just below the end of the chain of nails. Notice 
that several more iron nails can now be added to the number previously 
supported (Fig. 25). 

The induction due to the S.-seeking pole tends to strengthen 
that originally present, and consequently the total induced 
magnetism is increased. Remove the S.-seeking pole, when 
several of the nails will fall off. Still more nails will fall off if 


the N.-seeking pole is placed close to the lower end of the 
chain (Fig. 26). 
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Magnetic induction may also be observed when steel is used 
instead of soft iron. Even when the steel is already per- 
manently magnetised, induced magnetism may be imparted ; 
the permanent magnetism will be either increased or diminished 
according to whether the induced polarity is similar to or 
opposite to the permanent polarity. In cases where the per- 
manent polarity is very feeble the induced polarity may be suffi- 
ciently pronounced to reverse the original polarity of the steel. 

Expt. 21.—Feebly magnetise a long knitting-needle, and suspend it 
in astirrup. Hold the pole of a strong bar-magnet some distance away, 
and observe the repulsion between similar poles. Rapidly bring the 
magnet to within an inch of the repelled end of the needle, when the 
original repulsion will be converted into a strong attraction. 

The previous experiment suggests the importance, when 
detecting feeble magnetisation, of gradually bringing the poles 
near together, and of looking carefully for the first indication of 
repulsion. 

In the mutual action between two bar-magnets the force of 
repulsion between similar poles is always slightly weaker than 
the force of attraction between unlike poles ; this is due to the 
fact that, when similar poles are approaching, each magnet 
tends to induce a reversed polarity in the other; on the other 
hand, the approach of two unlike poles tends to increase the 
permanent polarity. 

In the case of a single bar-magnet, the influence of its own 
poles tends to demagnetise the magnet itself. This tendency, 
which is more marked in short than in long magnets, is con- 
siderably diminished by the use of magnetic keepers (p. 66), 
and it is only totally absent in the case of magnets possessing 
no poles (e.g. a steel ring magnetised in the direction of its 
circular axis). 

Fields of Magnetic Force.—The entire space, round a mag- 
net, in any part of which it is possible to detect magnetic force 
due to the magnet is termed the Magnetic Field of the magnet. 
In order to describe fully the magnetic condition of any point 
in a magnetic field it is necessary to determine (i) the direction 
of the force at the point, and (ii) the #agnitude} of the force. 

1Methods of determining the magnitude of magnetic forces are described in 


Chap. vi. 
H.M, B2 
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A map of a magnetic field is a diagram which indicates, by 
means of lines drawn upon the map, the direction of the 
magnetic forces at all points of the field situated within the area 
of the diagram. 

When a compass needle is placed within any magnetic 
field the opposite poles of the needle are acted upon by 
forces which are usually equal in magnitude but opposite 
in direction. This results in the needle coming to rest with 
its magnetic axis coinciding with the direction of the magnetic 
force at the point where the needle is situated ; if the direction 
of the force traces out a curved path the needle will come to rest in 
such a position that its magnetic axis is a zamgent to the curved 

rr y? direction of the force. 

The fact that a com- 
pass needle remains 
horizontal does _ not 
prove that the mag- 
netic forces are also 
horizontal, for, even if 
the forces are inclined 

Wis ah: to the horizontal, it 
may still be possible 
for them to have a directive action upon the needle. In Fig. 27 
let zs represent a compass needle, and zl, sI’ the forces due to 
the magnetic field. The force zI may be resolved into two 
other forces—wzH the horizontal component, and nV the vertical 
component; similarly sI’ may be resolved into sH’ and sV’. 
The forces 7H and sH’ will pull the needle into the same 
vertical plane as that of the original force, while 7V and sV’ 
will simply tend to tilt the needle out of the horizontal; the 
weight of the needle is usually sufficient to mask the effects of 
the latter forces. Hence a compass needle must be accepted 
only as a means of indicating the direction of the horizontal 
components of magnetic forces. 

The actual direction of the magnetic force is arbitrarily chosen 
as that in which the N.-seeking pole tends to travel: this 
direction is termed fosz#ive, and the direction in which the 
S.-seeking pole tends to travel is termed negative. 

Maps of Magnetic Fields.—Maps of magnetic fields may be 
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determined either by means of a compass-needle, or by means 
of iron filings ; the former method is the more accurate, although 
somewhat tedious. Care should be taken that there are no iron 
pipes or girders near the table on which the experiment is 
conducted. 

(1) ComMPpaAss-NEEDLE METHOD.—When a compass-needle is 
placed near to a bar-magnet it is, as a general rule, acted upon 


Fic. 28.—Resultant Magnetic Field due to the Earth and a Bar-Magnet 
(north pole pointing south). cS 


partly by the magnet, and partly by the earth ; the final direc- 
tion in which the needle points will indicate the direction of the 
resultant force, of which the forces due to the magnet and to the 
earth are the components. is 

Expt. 22.—Fasten a square sheet of paper on the table, with 
one edge pointing approximately north and south. Determine accu- 
rately the north and south line by means of a compass-needle, and 
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place a bar-magnet at the centre of the paper with its axis pointing 
north and south. Mark off one of the edges pointing east and west 
into spaces about 5 cms. wide. Place a compass-needle so that one of 
its poles is just over one of the marks, and indicate by means of a 
pencil the direction in which the other pole is pointing. Move the 
needle until its first pole is exactly over the second pencil mark ; con- 
tinue this process until a series of marks have been obtained completely 


Fic. 29.—Resultant Field (north pole pointing north). 
across the paper. Join up these points by a continuous line. Plot out 
other lines in a similar manner, Map out the lines of force (i) weth the 
LV.-seeking pole pointing south (Fig. 28), (ii) wath the N.-seeking pole 
pointing north (Fig. 29), and (ili) with the axis of the magnet lying east 
and west (Fig. 30). 


The lines which constitute a map of a magnetic field are 
usually termed magnetic lines of force—a term which was sug- 
gested by Faraday in 1837. 
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It will be noticed in Figs. 28-30 that, at points near to the 
magnet, the forces due to the magnet predominate, while at 
greater distances these become weaker in effect, and appear to 
be simply those due to the earth, and slightly distorted by the 
presence of the magnet. Also, there are two regions (marked X) 
in which the forces due to the magnet and the earth exactly 
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Fic. 30.—Resultant Field (north pole pointing west). 


neutralise each other, and in which the needle will come to rest 
in all positions with equal readiness ; these regions are termed 
neutral points. : 
Since the positive direction of lines of force is that in which 
a N.-seeking pole tends to travel, the lines of force are repre- 
sented as emerging from the N.-seeking pole of a magnet, and 
re-entering at the S.-seeking pole; also, the direction of the 
lines of force due to the earth is represented as proceeding from 
geographical south towards geographical north. The latter 
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statement suggests that the earth’s field may be due to a region 
of N.-seeking polarity near to the south geographical pole, and 
vice-verst. 

An important point to remember is that lines of magnetic 
force always connect poles of opposite polarity. 

A close analogy exists between the phenomena due to mag- 
netic lines of force and those which might be brought about if 
the lines of force were replaced by stretched elastic threads, 
whose directions coincide with those of the lines of force ; such 
threads tend to shorten and to become simultaneously thicker, 
while lines of force also tend to shorten and to repel each other 
from side to side. Faraday, to whom this analogy is due, even 
regarded lines of force as physical realities and not merely as 
imaginary conceptions; and he assumed that these lines of 
force were of the nature of springs, in a state of tension, which 
mutually repelled each other. It may be that, in the near future, 
the advance of knowledge will prove that Faraday’s idea of the 
reality of lines of force is fully justified, and the same remark 
applies to the electrostatic lines of force of an electric field. 

(2) IRON FILINGS METHOD.—A far more rapid method of 
obtaining maps of magnetic fields depends upon the fact that 
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when fragments of soft iron are placed in a magnetic field they 
become temporarily magnetised, and, if free to move, arrange 


. 
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themselves in such a manner that their longer axes coincide 
with the direction of the magnetic force. In this manner a 
single iron filing will behave similarly to a compass-needle, the 
chief disadvantage being that the filing has far less freedom of 
movement than the needle ; this difficulty is partly overcome by 
distributing the filings over a smooth surface (e.g. glass or 
smooth paper), and afterwards gently tapping the support. 
This smaller freedom of movement prevents the filings from 
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ap of the Magnetic Field due to two Bar-Magnets. 
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being influenced by a weak field ; the method is therefore only 
suitable for mapping fields comparatively near to magnets. 
Permanent iron-filing maps can be obtained by the method 
described in the following experiment : 

Expt. 23.—Lay a sheet of paraffined paper? over a magnet and 
support it horizontally on pieces of wood placed on either side of the 
magnet. Sprinkle filings uniformly over the paper, and gently tap the 
paper with a pencil or a copper-wire. Fix the filings by passing a 
Bunser flame over the surface until the wax has melted’ slightly, and 
aliow to cool (Figs. 31-33). 


1 Paraffined-paper may be prepared by passing sheets of thin white paper through 
melted paraffin-wax contained in a shallow tin. 
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It is, of course, impossible, owing to the weight of the filings, 
to obtain an iron-filing map of a magnetic field in any other 
plane than the horizontal ; but, if a bar-magnet is resting on its 
side instead of on the broad face, a map would be obtained 
which is similar to that obtained in the first case, so also a 
cylindrical magnet would give the same distribution of lines in 


MRS Mik 
Fic. 33.—Map of the Magnetic Field due to a Horse-shoe Magnet. 


whatever horizontal position it may be placed. Hence the map 
of any single bar-magnet may be regarded as correct for all 
planes passing through its axis, and the whole space surround- 
ing the magnet is permeated by lines of magnetic force, the 
distribution of which is indicated by the map obtained in the 
horizontal plane only. The contour of the lines of force in a 
vertical plane may be observed by holding a small dip-needle in 


a series of positions vertically over and under a long bar-magnec 
which is clamped horizontally. 
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The Poles of a Magnet.—In magnetic measurements it is 
necessary to regard the poles of a magnet as being situated at 
well-defined Zoints, whereas the manner in which iron filings 
are attracted would suggest that a bar-magnet has a pole-area of 
considerable extent and with the force of attraction more pro- 
nounced towards the extreme ends of the magnet. F ig. 34 


Fic. 34.—The points P and P’ are the Poles of the Magnet NS. 


represents the forces acting on the poles of a magnet NS 
suspended in a uniform magnetic field. These forces may be 
imagined to be resolved into two single forces PR and P’R’ 
acting at P and P’. The points P and P’ are the poles of the 
bar-magnet, and they may be defined as the points of application 
of the resultant magnetic forces acting on the magnet when 
suspended in a uniform magnetic field. 

The poles of a magnet may be separately located by applying 
the fact that a compass-needle comes to rest pointing in the 
direction of the resultant magnetic force ; but the experiment 
must be so arranged that (i) the compass-needle is always in 
the magnetic meridian, and therefore free from any deflection 
due to the earth, and (ii) at a sufficient distance from the other 
pole of the magnet to ensure the effect of that pole being 
negligible. 

Expt. 24.—Place a long bar-magnet on a sheet of paper supported on 
a drawing-board, and mark its position by passing a pencil-point round 
its edge (Fig. 35). Place a compass-needle at 7,5, rotate the board 
until the needle is in the magnetic meridian, and put pencil marks in 
line with the axis of the needle; repeat the process in the positions 
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MoS and 7353. Remove the magnet, and produce by means of a straight 
edge the three directions obtained. The point of intersection of these 
lines indicates the position of the pole of the magnet. 
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In short thick magnets the poles are situated about 1 cm. 
from each end. If the magnet is only about I or 2 mms. wide 
and at least 20 times as long, the poles approximately coincide 
with the ends. The distance between the poles of a magnet is 
termed the Magnetic Length of the magnet. 

Geometrical Method of Determining the Direction of 
the Magnetic Force due to a Bar-Magnet.—The direction 


Fic. 36. 


of the magnetic force, at any point ~ (Fig. 36), due to a 
bar-magnet is determined geometrically by the fact that the 
forces acting on a single N.-seeking pole at 7 due to N and S 
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are inversely proportional to the square of the distances Nz and 
Sa, or mp/ng=(nS)?/(zN)*. The direction of the resultant force 
ur is obtained by drawing wf and zg to any suitable scale and 
completing the parallelogram zfrg. 

If a compass-needle is placed at 7 it will point in the direction 
nr, providing that the needle is very short, since the resultant 
force acting on the S.-seeking pole of the needle will be equal 
and opposite to that acting on the N.-seeking pole. 

The Intensity of a Magnetic Field Represented by Lines 
of Force.—It is possible to represent the intensity of a magnetic 
field at any point by the number of lines of force intersecting a 
surface of unit area (1 sq. cm.) placed perpendicularly to the 
direction of the lines of force. A field of unit intensity is 
represented by a single line of force passing through each unit 
area. 

Since the intensity of the field at a distance of 1 cm. from a 
unit pole is equal to unity (p. 36), it therefore follews, if a sphere 
of unit radius is described round the pole, that the intensity of 
the field on the surface of the sphere would be represented 
graphically by a single line of force passing through each square 
cm. of the sphere’s surface. The area of the surface of any 
sphere of radius 7 cms. is equal to 477” sq. cms., hence, if ~=1, 
then area =47 sq. cms. Consequently, the number of lines ot 
force proceeding from a unit pole would be equal to 47; also, 
the number of lines proceeding from a pole of strength 7 would 
be equal to 47m. 


Geometrical Construction for a Magnetic Field.—It would be 
easy to represent a magnetic field due to a single pole if it were only 
necessary to indicate a uniform distribution of the lines of force 2% the 
plane of the diagram ; but the uniform distribution zz space, which is 
actually the case, is not easily represented with accuracy. We can 
imagine a spherical surface to be described round the magnet-pole as 
centre, and that the lines of force penetrate this surface at equi-distant 
intervals; and if the surface is divided up into a number of small por- 
tions of equal area we may assume that each of these small areas will be 
penetrated by the same number of lines of force. This division into equal 
areas is obtained by dividing a diameter into a number of equal parts 
by points through which planes are drawn perpendicular to the diameter ; 
these planes will divide the surface of the sphere into equal portions. 
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Fig. 37 represents a spherical surface divided up in this manner, and the 


zr 


lines of force will penetrate each 
surface is sub-divided. 
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radial lines 774, 127, ... 
will separate the total 
number of lines of force 
into groups each containing 
the same number of lines. 
If the number of groups 
is sufficiently numerous we 
may assume that the lines 
Mr, Mn, ... graphically 
represent, with satisfactory 
approximation, the distri- 
bution of the lines of force 
originating from the pole 
at the centre. Strictly 
speaking, if the pole 
strength is # units, and 
if the axis is divided into 
m equal parts, then 27 


portion into which the spherical 


Fic. 38.—Geometrical Method of Mapping the Field due to two Poles. 


Fig. 38 represents the method of constructing the field of force due to 
two opposite poles each of strength 12 units. The system of lines due 
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to each pole is constructed as in Fig. 37 ; the lines due to N are marked 
+1, +2, ..., and those due to S are marked -—1, —2, ..... The 
resultant lines of force are drawn by connecting together points of 
intersection of component lines which have the same algebraic sum ; 
thus the line marked IV is obtained by joining the intersections of the 
lines —8 and +4, —9 and +5, —1o0 and +6,andsoon. The process 
really consists in drawing the diagonals of the four-sided figures into 
which the field is divided; for, the forces acting on a single north- 
seeking pole at A will be f 
and /’ respectively, and the 
direction of the resultant force 
is along the diagonal AB. 
This is rendered more evi- 
dent when the component 
lines are so numerous that 
contiguous lines are approxi- 
mately parallel, and then 
applying the principle that 
the intensity of the force at Fic. 30. 

any point is inversely propor- 

tional to the distance between two contiguous lines. Thus, in Fig. 39, 
if 6 and 0’ are the distances apart of contiguous lines from N and S re- 
spectively, then /:/’::0':4; but 6’:4:: Az: As, hence f:/’ :: Av: As, 
and the diagonal AB represents the direction of the resultant force 
at A. 

Magnetic Potential.—The Magnetic Potential at any point is 
equal to the work done against the magnetic force when a unit 
magnet-pole (N.-seeking) is conveyed from an infinite distance up to 

the point. At the point N 


bea ae ee EE — (Fig. 4o) let there bea single 
% 1% iid N.-seeking pole of strength 
meagan m, and let RN represent the 


path along which a unit pole (N.-seeking) is conveyed, R repre- 
senting a point at an infinite distance from N. The symbols 
1 Yy etc., represent points which are very close together, and 
situated at distances 7, 7%», etc., respectively from N. 
; mxi_ Mm 
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Average force along rthy=— (a) = (eer) 
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mee erg 7=(7,+ 0) 
_m (= +27,6+ a 
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But, since 6 is very small, 6? may be neglected , and 72= 
(7,+6). Hence 


Average force = 7 (at) 
mes 


rz 
Work done in conveying a unit pole from 7, to 4 
= Average Force x Distance 


=m\———}. 
PR 


And the work done between R and ~ 


=m(4-}) 
=m(1-5). 


By addition, the total work done between the points R and 7, 


=m(t-24 2-14.44 2) 


If R is at an infinite distance from N, then Pe 


Hence, the Magnetic Potential at n=. 


1 
If the pole at N is S.-seeking, then its strength would be 
indicated by the symbol —7, and the Magnetic Potential at 7, 


WA 
would be ——. 
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Potential at any point due to a Short Magnet.—Let NS 
(Fig. 41) be a short magnet of length 
2/ and pole-strength m. Let A be A 
any point in space, the line AO  \ 
making an angle @ with the axis of 
the magnet. 

The potential at A, due to 
N, =m/AN; also, the potential at 
A, due to S, =-—m/AS. Hence the 
resultant potential =/AN — /AS. 

Drop perpendiculars Nz and Ss 
from N and S on AO. Then, if the 
angles NAO and SAO are small, 
AN = Az approximately, also AS=As. 
Therefore, 


mm m m 2m. On 


AN AS AO-Ox AO+On AO?—Or? 
2m.On 
AO? 

_2m.ON.cos@_ 2mlcos@ 
AO? ~ AO? 
If 6=90°, the potential is consequently zero; also, for any given 
value of AO, the potential is a maximum when @=o. 


Surfaces of Equal Magnetic Potential—Since the magnetic 
potential at a point ~ cms. distant from a single magnet-pole of 
strength # is equal to w/r, it follows that all points equally 
distant from the pole will have the same potential. Hence, if 
a spherical surface is described round the pole as a centre, 
all points on the surface will have the same potential, and 
the sphere would be termed a Surface of Equal Magnetic 


Potential. 


(since Oz is very small compared with AO) 


The potential at a distance 7 from a single magnet-pole, of strength 7, 
is V=m/r; hence the radius of the sphere for which the potential is V 
is given by the equation y=/V. If we now give to V the values 1, 
2, 3, etc., and draw the corresponding spheres, we obtain a series ot 
equipotential surfaces... Fig. 42 represents the sections of such spheres by 
a plane passing through their common centre ; the pole-strength is here 
taken as 4.35 units. The relative values of the potential at various 
points along the line ah is represented by the thick line AH, the 
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vertical distance of which above any point on a is proportional to the 
potential at that point. 


Fic. 42.—Surfaces of Equal Magnetic Potential due to a single Pole. 


The construction of the equipotential surfaces due to wo neighbour- 
ing magnet-poles, is based upon the fact that the potential at any point 
is equal to the algebraic sum of the potentials at that point due to the 
two poles. Fig. 43 represents the sections of equipotential surfaces near 
to two equal and opposite poles, of pole-strength + 25 and — 25 units. 
The thin lines represent the surfaces due to each pole, and are con- 
structed in the manner explained in Fig. 42. The resultant potential 
surfaces are constructed by joining together those points at which the 
algebraic sum V of the potentials are the same. It is evident that the 
potential at any point along the central line of symmetry, marked V =o, 
will be zero ; for, if a single magnet-pole is placed at any point on this 
line the resultant force due to m and m’ will be ferpendicular to that 
line, and no work will therefore be done on or by the pole in moving 


along it. The point where any given surface intersects the line joining 
the poles is given by the equation 


m m 


x ad-x 


where x is the distance from the pole+7z, and d is the distance between 
the poles; the point of intersection owfszde the line joining the two 
poles is given by the equation 
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(Potential due to +m only) 


Fic. 43.—Method of 
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It is important to bear in mind that in any magnetic field the lines of 
force always intersect the eguipotential surfaces at right angles. This 
may be demonstrated by assuming that a given line of force intersects an 
equipotential surface at an angle other than a right angle ; the magnetic 
force, acting on a pole situated at the point of intersection, may be 
resolved into two components, one acting along the surface, and the 
other at right angles to it. In order to move the pole to another point 
on the same surface work would have to be done by, or against, mag- 

netic force—which is con- 
ft trary to the fundamental 
ras a definition of an Equipoten- 
y ss tial Surface. 
: \ The student is referred to 
Fig. 110, which, although 
intended to represent the 
lines of force and the equi- 
potential surfaces in an 
electrostatic field, may 
equally well represent the 
magnetic field of force due 
= to two poles, of strength 
+30 units and —- 10; the 
lines of force and surfaces 
in this diagram have been 
drawn in the manner de- 

scribed on pp. 51 and 52. 

Fig. 44 represents a 
series of equipotential 
lines which may be 
mapped cut experiment- 

ally, with the aid of a 

compass-needle provided 
Fic. 44.—Lines of Force and Surfaces of Equal with a brass. cross-bar 

Potential mapped out by means of a Compass- fixed to the centre of 
needle. : 

the needle, and at right 

angles to its axis. Since the axis of the needle always 

coincides with the direction of the lines of force, which 

latter are always perpendicular to the equipotential lines, it 

follows that the brass cross-bar will always coincide with the 


equipotential lines, and these may thereby be mapped out in 
the manner described on p. 43. 
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The potential difference between any two equipotential lines 
is, by definition, measured by the work done against the mag- 
netic forces in conveying a unit magnet-pole from one surface to 
the other. Hence, whatever path maybe traversed, the work done 
will always be the same ; thus the work required to convey the 
unit-pole from 4, to ¢, (Fig. 44), is equal to the- work required 
between 4, and ¢. This fact can be readily understood when it 
is remembered that although 4,c, is longer than 4,c,, neverthe- 
less, the average force along 4,c, is less than that along 4c, and 
that the work required =(Average force x Distance). 


Expt. 25.—Map out, by means of a compass-needle (fitted with a 
brass cross-bar), a small portion of a magnetic field, ¢.g. aca» (Fig. 
44). Measure the lengths of the curved lines a,c, and acy. Find the 
middle points of these lines, and determine the rate of vibration of a 
magnetometer needle situated at these points. If / is the length of any 
line of force connecting two equipotential surfaces, and z is the number 
of vibrations per minute described by the suspended needle, then (7 x 7?) 
should be a constant quantity. 

The Relationship between Magnetic Intensity and 
Potential.—If a magnet-pole of strength 7 is placed at a point 
in a magnetic field of intensity H, the force / acting on the 
pole is equal to #H. If the pole is allowed to move through a 
short distance s, then the work W done by the magnetic force 
is W=fs=mHs. 

But, if the potentials at the initial and final positions are V, 
and V,, then also W=m (V,— V2). Hence 

mHs=m(V,— V2), 
ERD) 
S 

This result may be expressed in words thus : Ze intensity of 
the field is equal to the rate of change of the magnetic potential 
with respect to distance. Also, for any given values of V, and 
V,, H is a maximum when s is a minimum ; the intensity of the 
field is therefore greatest in those regions in which the equi- 
potential surfaces are closest together. 

Molecular Magnets.—When a long magnet 1s broken into 
several pieces, it is found that each portion is a complete 
magnet having opposite poles at opposite ends. It will also be 


60 MAGNETISM AND ELECTRICITY FOR STUDENTS 


observed that, at each point of fracture, the two broken ends 
have opposite polarity: since uniformity of magnetisation may 
be assumed, the contiguity of equal and opposite poles will 
explain why no polarity was exhibited at the point of fracture 
previously to the magnet being broken, for all the lines of force 
proceeding from the N.-seeking end of any fragment will pro- 
ceed directly to the S.-seeking pole in contact with it, and no 
lines of force will be present outside the steel. 

Expt. 26.—Magnetise a piece cf clock-spring, and break it into 
several pieces. Test the polarity at the ends of each fragment by means 
of a compass needle. 

Modern theory suggests that the molecules of any unmagne- 
tised piece of steel are initially 
magnetised but connected to- 
gether in no regular order, so 
that the magnetic forces due to 
any one molecule are masked 
by those of neighbouring mole- 
cules. We may say that the 
molecules are grouped together 

into a number of independent 

x  CESIIESVESuRoRT ETS aet Weert Soi closed magnetic chains, which 
82 may be roughly imitated by 

grouping together two or more 
magnetised sewing-needles (Fig. 45). According to the same 
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Fie. 45. 


Fic. 46. 


theory, the process of magnetisation consists in rotating the 
molecules until the axis of each coincides more or less accurately 
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with the direction in which the steel is magnetised and so that 
the similar poles of each molecule point towards the same end 


of the steel ; this process involves the conversion of the ‘closed 
magnetic chains’ into a smaller number of ofen magnetic chains, 
the lines of force due to each of which are, in part of their path, 


traversing the air space outside the steel (Fig. 46) Fig. 47 
represents the magnetic field due to a number of short pieces of 
magnetised steel distributed without any sense of uniformity ; 
Fig. 48 represents the field due to the same fragments when 
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arranged in order, with similar poles pointing in the same 
direction. 


Expt. 26A.—Fill a glass test-tube with s¢ee/ filings, and insert a cork 
in the open end. Magnetise the tube (by means of a spiral of wire and 
battery, if available). Observe that the tube now has opposite polarity 
at the ends. Empty the filings out on to a sheet of paper, mix weli 
together, and again transfer them to the tube; the ends of the tube 
will be found to have lost their polarity. 

The degree of magnetisation may be attributed to the degree 
to which the alignment of the constituent molecules is perfect, 
and that magnetic saturation is obtained when the alignment is per- 
fect. Joule observed that a bar of steel elongates, when strongly 


magnetised, to the extent of 2 


of its length; this would appear 
> 

to verify the above theory of magnetisation, since each molecule, pro- 

viding that it is not spherical, might be regarded as having poles at the 


ends of its longest dia- 


2 meter. It has also been 
observed that if a short 


1 


n 

iS piece of iron is immersed 
~ . . . 

So in water contained in a 
S : 

s glass - tube (resembling 
re 


the bulb of athermometer) 
and then strongly magne- 
tised, the volume of the 
iron is slightly increased. 
On the other hand, Shel- 
ford Bidwell has more 
recently observed that 
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6 Bee although iron elonga 
Fic. 49.—Magnetostriction in Iron, Cobalt, and e . Se 
Nickel, when placed in a mag- 


netic field of moderate 
intensity, yet, as the field is gradually increased, the iron gradually 
returns to its original length, and becomes even shorter than before if 
the field is made sufficiently intense (Fig. 49).!_ Cobalt and nickel, 
under similar conditions, exhibit a special behaviour: thus, as the field 
increases, cobalt shortens then elongates to its former length and finally 
acquires a gradual elongation, while nickel, under intensity of the 
same conditions, gradually shortens, and remains so whatever the 


1Fig. 49 is adapted from Mr. Shelford Bidwell’s article on ‘Magnetism’ in the 


Encyclopedia Brit. (xoth edn.). 4 
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field may be. In Fig. 49 the elongations are expressed in ten- 
millionths of the length of the material. 

The term Magnetostriction is usually applied to this phenomenon. 
The following simple method of observing the effect is due to Prof. W. S. 
Franklin :? A small weight is suspended by an iron wire constituting a 
torsion pendulum. A direct current is sent through the wire and 
through a magnetising coil which surrounds it; the former magnetises 
the surface of the wire transversely, and the latter magnetises it longi- 
tudinally, hence the resultant magnetisation is along a helical line, and 
the accompanying change of length causes the wire to twist slightly. 
If the current in the coil (or in the wire) is reversed in rhythm with the 
free oscillations of the pendulum, the magnetisation along right and left 
helical lines creates oscillations of the pendulum which are easily 
perceptible. 


Behaviour of Soft Iron in Magnetic Fields.—The theory 
of molecular magnets, explained in the previous section, may 
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Fic. 50.—Effect of Soft Iron on a Magnetic Field. 
also be adopted in order to explain the behaviour of soft iron 
when placed in a magnetic field. The molecules, constituting 
the soft iron, will tend to set themselves with their magnetic 
axes coinciding with the direction of the magnetic force, and 
with their N.-seeking poles pointing in the direction of the 
‘i "1 Nature, Vol. 69, p- 582. 
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force; soft iron will consequently develop S.-seeking and 
N.-seeking polarities in the regions where lines of force enter 
and emerge from the iron. Also, if we consider a free N.-seek- 
ing pole, moving from a distance and towards the iron, the path 
traversed will be bent inwards towards the iron (this is more 
evident if we consider the effect of the S.-seeking polarity 
induced in the end of the iron). Fig. 50 represents an iron-filing 
map of a magnetic field in which a piece of soft iron is placed, 
and it clearly indicates this concentration of the lines of force 
through the iron. It is a useful convention to regard magnetic 
substances as good conductors of magnetic lines of force, and 
that lines of force tend to trace out a path of least magnetic 
resistance (t.e. of greatest magnetic con- 
n s ductivity) ; consequently, in the neighbour- 
s/s hood of iron, the lines of force appear to 
converge towards it. 


The movements of a piece of soft iron, when 

suspended in a magnetic field, depend upon two 

'ZZLZZZZZZZ-N principles: (i) Zhe tron tends to move from 
Fic. 51. weaker to stronger portions of the field. This 

may be understood by considering the specia’ 

case of a thin soft-iron wire 2s (Fig. 51), bent so as to coincide with 


the lines of force due to the magnet SN. The forces acting upon 
the induced poles in the soft iron will 


tend to draw the wire into positions 
where the field is stronger. (ii) The 
tron tends to move so that its longest 
axis coincides with the direction of the 
lines of force; for, imagine that the iron 
consists of a number of iron spheres 
(Fig. 52), and that the arrow indicates 
the direction of the -lines of force. 
Each sphere will primarily be magne- 
tised in the direction sz, but the 
position of the poles will be slightly 
modified by the inductive action of neighbouring spheres, thus resulting 
in the poles being situated at 2, and s,. Each sphere will consequently 


Fic. 52. 


1The distribution of lines of force near to iron is analogous to the lines of flow of 


water in a stream the open channel of which is contracted by growths of weeds or 
rushes on eiiher bank. ' ; 
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be acted upon by a couple (FF), which will tend to move the 
iron so that its length coincides with the direction of the magnetic 
field. 


Magnetic Screening.—A point is said to be magnetically 
screened when the magnetic force at that point is reduced or 
destroyed owing to the presence 
of soft iron near to it. Thus, a 
bar of soft iron placed with its 
axis in the direction of the lines 
of force of a uniform field Zar- 
tially screens points on either 
side of the iron, except towards 
the extreme ends. A _ point 
situated in line with the axis of 
a magnet is partially screened 
by interposing a thick slab of 
soft iron (Fig. 53); but the 
screening will be far more effective if the iron is placed near 
and parallel to the magnet. 

Fig. 54 indicates how the space within a soft-iron cylinder is 
satisfactorily screened from the effects of a neighbouring magnet, 
"and Fig. 55 represents 
an iron-filing map of 
a magnetic field in 
which a soft-iron ring is 
placed. This method 
has been adopted by 
Lord Kelvin in order 
to protect galvano- 
meters from external 
magnetic fields when 
used on ironclads. 


Fic. 53.—A Slab of Soft Iron held near 
to a Magnet. 


Fic. 54.—A Ring of Soft Iron near to a Magnet. 


Expt. 27.—Support a bar-magnet horizontally on the E. or W. side 
of a magnetometer, with its axis in line with the centre of the needle. 
Note the deflection. Interpose a thick slab of soft iron with its face 
perpendicular to the magnet’s axis, and again note the deflection. 
Repeat the observation with the iron in different positions relatively 
to the magnet. 

Obtain the same results by observing the changes in the rate of swing 

H.M. c 
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of a magnetoscope situated at the point where the screening is to be 
observed. ; 


Magnetic Keepers.—Every horse-shoe magnet and every 
pair of bar-magnets is supplied with short bars of soff iron 
which, when the magnets are not in use, are placed in contact 
with opposite poles. Such bars are termed #eefers, since they 
serve the purpose of aiding the magnet to retain as much as 
possible its original degree of magnetisation. 

Every magnet has a tendency to: de-magnetise itself, for it may 
be regarded as a piece of steel with free magnetic poles at each 
end, which will act inductively on the steel itself and tend 
to reverse the direction of the magnetisation already existing in 
the steel (p. 41). This effect is only. absent in the case of 
magnets which have no free poles, as in the case of a steel ring 

» magnetised along its circular axis. The addition of keepers to 
any magnet serves to make the iron circuit approximately 
continuous, and the free poles of the magnet are neutralised by 
the opposite polarity induced in the soft iron, hence the de- 
magnetising effect is reduced.to.a minimum. -- - 
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The addition of a keeper largely screens the surrounding space 
from the magnetic lines of force originating from the magnet. 

Distribution of Free Magnetism along a Bar-Magnet.—A 
map of the magnetic field of a bar-magnet suggests that the 
number of lines of force emerging from a given area of the 
magnet’s surface increases from zero, at the centre of the magnet, 
to a maximum in the region near to the poles. Several methods 
have been devised for determining the relative amounts of this 
so-called ‘free’ magnetism. In the /es¢-zaz7 method a soft-iron 
nail is allowed to touch various points of the magnet, and the 
force required to separate the nail from the magnet is measured 
at each point: it is assumed that the magnetisation set up in the 
nail is proportional to the amount of free magnetism at the point 
of contact, and that consequently the force required is pro- 
portional to the square of the amount of free magnetism ; but 
this assumption is scarcely permissible, since the magnetisation 
of the iron does not increase so rapidly as the magnetising 
force, especially when nearly saturated. Another source of 
error is due to the probability that the presence of the soft iron 
will disturb the original distribution of the free magnetism. 

The only method free from serious objections is that devised 
by Prof. Rowland, in which a small flat coil of thin wire 
embraces the magnet and is moved 
rapidly between various pairs of points 
along the magnet. The cutting of the 
lines of force creates an induced current 
(Chap. XXII.), the magnitude of which 
is observed by means of a galvanometer. 

Another method, depending upon the 
rate of swing of a small magnet, is only 
open to the objection that the presence 
of even a small magnet will disturb the 
distribution of the free magnetism on 
the bar-magnet under examination: °F abot 
Expt. 28 is based upon this method. 

Fig. 56 represents one-half of a bar-magnet, to the right of 
which are drawn horizontal lines proportional in length to the 
square of the number of oscillations described in a given time 
when the swinging magnet is placed opposite various points of 
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the magnet. It will be noticed that the maximum force is not 
obtained at the extreme end of the magnet (cf. p. 50). . 

Expt. 28.—Clamp a long bar-magnet vertically, with its N.-seeking 
pole downwards. Support a magnetoscope vertically at the same level 
as the centre of the magnet. Remove the magnet to a distance, and 
observe the number of oscillations (7) due to the earth alone. Place 
the magnet as near as possible to the magnetoscope, and due South of 
it; observe the number of oscillations (7). Raise the magnet two 
centimetres, and again determine 7,. Repeat for various other portions 
of the magnet. In each position, the free magnetism is proportional to 
(22,2 — 2). 

Distinction between ‘Lines of Force,’ ‘Lines of Magnet- 
isation,’ and ‘Lines of Induction.’—A rod of soft iron becomes 
magnetised when placed parallel to the lines of force of a 
uniform field, and the number of lines of force per sq. cm. of 
cross-section of the field is increased in the space occupied by 
the iron, the increase being due to the lines of force added by 
the molecular magnets constituting the iron bar. The intensity 
of magnetisation, I, of the soft iron may be defined as the pole- 
strength per sq. cm. of cross-section placed at right angles to 
the direction of magnetisation ; hence, since 4777 lines of force 
proceed from a pole of strength 2, the number of lines originat- 
ing from each such sq. cm. of the iron itself is 47I. 

It is now usuai to discriminate between the lines of force due 
to the original field and those added by the iron, for the name 
lines of force is not appropriate to the lines within the iron, 
since these do not give a measure of the ‘magnetic force’ 
there. It is better to apply the term “ines of magnetisation to 
the magnetic lines due to the iron and within the iron, and to 
restrict the term ‘lines of force’ to the magnetic lines due 
to external magnetised bodies. Strictly speaking, this magnetic 
force within the iron must be taken to include the force due to 
the free poles created in the iron and of which the magnitude is 
calculated from the inverse-square law as though no iron were 
bresent. 

Finally, if a narrow transverse gap is cut across the iron, the 
force acting on a single north-seeking pole placed within the 
gap would be due partly to the original field and partly to 
the magnetisation set up in the iron. If the original field has 
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an intensity H, the total force acting on the unit-pole would be 
H-+47I, and we may regard the whole group of lines traversing 
the gap as being partly ‘lines of force,’ and partly ‘lines ot 
magnetisation.’ The term magnetic induction is applied to the 
whole group of lines, and is denoted by the symbol B, and we 
refer to them collectively as lines of induction. 

Just as the force acting on a unit-pole within a narrowtransverse 
gap gives a measure of B, so the force acting on the pole when 
placed in a long narrow cylindrical cavity bored through the iron 
in the direction of magnetisation gives a measure of H, since no 
free magnetism will then be developed on the sides of the hole. 

In the case of soft iron the magnetisation is always parallel 
to, and in the same direction as, the magnetic force; hence 
the equation B=H+47zI always holds good. But, in the 
case of a bar-magnet, the magnetisation is merely residual 
magnetism produced by a magnetic force which has been re- 
moved ; the value of H is therefore that which arises from the 
free poles in the magnet itself only, and this is directed /rom the 
north-seeking pole Zo the souf!:-seeking pole both within the 
magnetand in the spaceoutside ; 
on the other hand, the lines 
of induction are directed from 
the south- to the north-seeking 
pole within the iron, and are 
continued by the lines of force 
in the opposite direction out- 
side the magnet. Hence, if the 
magnetic force is restricted to 
that due to the poles of the 
magnet, the induction within 
the magnet is represented by 
the equation B=47I-—H. This 
again introduces the principle 
of the self-demagnetising force 
of a permanent magnet. 

In the case of a horse-shoe Fic. 57 
magnet (Fig. 57), at any point 
A the lines of magnetisation will be in the direction AI, and will 
be numerically equal to 471. The magtietic force at A is due to 
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the poles N. and S., and by the law of inverse squares will be in 
the direction AH, ; this force will produce a magnetic induction 
B, in the same direction, and equal to 
4rI,+H,, where I, is the intensity of 
magnetisation in the direction AH,. The 
resultant induction is obtained by com- 
bining B, and 47I,; thus, if Af repre- 
sents the magnitude of B,, the resultant 
induction will be AB. 

The distinction between ‘lines of force’ 
and ‘lines of induction’ within a horse- 
shoe magnet is indicated in Fig. 58; 
the dotted lines are lines of force, and 
the thick continuous lines are lines of 
induction. In the surrounding air lines 
of induction and lines of force coincide, 
and a line of induction can therefore 
only leave the iron where a line of force 
within the iron emerges into the air. It 
is assumed in Fig. 58 that the pole of a 

magnet may be regarded as a point; 
Fic. 58. “nite A 
also, it is necessary to mention that the 
diagram is not in any sense intended to be quantitative. 

Paramagnetic and Diamagnetic Substances. — Faraday 
observed that a fragment of bismuth, when suspended between 
the poles of a strong electro-magnet, is feebly repelled out- 
wards ; he also observed that a bar of bismuth, suspended 
horizontally between the poles, tends to set itself equatorially 
to the lines of force between the poles. Faraday also showed 
. that, apart from iron, nickel and cobalt, all substances are 
either feebly attracted or yepelled by a strong pole; and, as 
previously stated (p. 5), he introduced the terms ‘ para- 
magnetic ’ and ‘ diamagnetic.’ Substances therefore may 
be divided into three groups, as follows : 

Ferromagnetic.—Iron, nickel and cobalt. 

Paramagnetic.—Solid oxygen, platinum, liquid oxygen, 
aluminium, oxygen gas, etc. 

Diamagnetic.—Bismuth, mercury, silver, quartz, lead, etc. 

Diamagnetism is fundamentally due to the fact that the 
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polarity created in the diamagnetic substance is the reverse 
of that created in a paramagnetic metal. Applying this fact 
to Fig. 51, it will be seen that a diamagnetic substance tends 
to travel froin stronger to weaker parts of the field. 

It is a curious fact that, although solid iron is strongly 
ferromagnetic, chemical compounds of iron, such as ferric 
chloride or ferrous sulphate, are only paramagnetic ; and 
some compounds of iron are even diamagnetic. This infor- 
mation is obtained by enclosing an aqueous solution of the 
compound in a closed glass tube, and suspending this be- 
tween the poles of an electromagnet. 

It would appear from this that the smallest magnetic 
element in the solid iron is not the atom, but probably a 
special grouping of atoms. There is evidence in favour of 
this in the fact that certain alloys which do not contain any 
iron are yet ferromagnetic: thus, Heusler’s alloy, which 
may be represented by the chemical formula MnAICu,, is 
quite as magnetisable as cast iron. 


SUMMARY 


Magnetic Induction.—The temporary magnetisation set up im a 
piece of soft iron held near to a magnet is termed zzduced magnetism. 
The total magnetisation set up in the presence of more than one magnet 
is the sum of the effects due to each individual magnet. 

Induced magnetisation may be superimposed upon permanent 
magnetisation in steel. The repulsion between like poles of two 
magnets is therefore slightly weaker than the attraction between unlike 
poles of the same initial strength. Also, a bar-magnet tends to de- 
magnetise itself. 

Maps of Magnetic Fields.—A diagram consisting of lines which 
indicate the direction of the magnetic forces at all points of a magnetic 
field is termed a ap of the field. The direction of the forces is 
arbitrarily chosen as that in which a zorth-seeking pole tends to travel. 
Maps may be constructed by means either of (i) a compass-needle or 
(ii) iron filings. 

Iu any general case the map of the field of a magnet is really the 
resultant field due to that of the magnet and that of the earth, 
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The Poles of a Magnet may be defined as the points of appli- 
cation of the vesultant forces of attraction and repulsion which the 
magnet exerts on any magnet pole near to it. 

The Magnetic Potential at amy point is equal to the work 
done against the magnetic force when a unit north-seeking pole 
is conveyed from an infinite distance up to the point. The poten- 
tial at a point distant vy cms. from a pole of strength m is m/v. A 
surface passing through points for which the value of m/r is the 
same is termed an equipotential surface. 

The vate of change of the magnetic potential per unit distance is 
equal to the intensity of the field. 

Molecular Magnets.—The individual molecules of a piece of steel 
may be regarded as complete magnets. The process of magnetisa- 
tion consists in rotating the molecules into alignment with similar 
poles pointing in the same direction. The same theory explains the 
magnetisation of a piece of soft iron when placed in a magnetic field. 

The movements of soft iron in a magnetic field depend upon two 
two principles: (i) [von tends to move from weaker to stronger fields, 
and (ii) so that its longest axis coincides with the direction of the lines 
of force. 

Magnetic keepers attached to the poles of a magnet tend to 
mask the poles of the magnet, and therefore to remove the de- 
magnetising effect. 

The distribution of free magnetism along a bar-magnet may 
be investigated by either of three methods: (i) ‘ Test-nail’ 
method ; (i) Rowland’s induced-current method ; (iii) by rate 
of swing of suspended magnet. 

Magnetic substances may be divided into three groups— 
ferro-magnetic, paramagnetic and diamagnetic. The first group 
includes only iron, nickel and cobalt. Solid oxygen and bismuth 
are typical examples of the second and third groups respectively. 


QUESTIONS ON CHAPTER IV 


1. Abar-magnet is placed ona table. Describe how you would pro- 
ceed to determine the directions of the lines of magnetic force in the 
plane of the table due to the magnet and to the earth’s magnetism. 

2. A bar-magnet is laid on a sheet of paper on a drawing board. 
Supposing it to have its poles concentrated at two given points, 
how would you determine by measurement and calculation the 
direction of the force at a given point on the paper ? and, given 
a compass-needle, how would you test the result ? 
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3. A N.-seeking and S.-seeking pole, of strengths 100 and 50 respec: 
tively, are situated 10 cms. apart. Find the point between them at 
which the potential is zero. Determine a few other points in the field 
at which the potential is also zero. 

4. A bar-magnet 15 cms. long and of pole strength 50 is in a given 
position. Find the magnetic potential due to this magnet at a point 
distant 5 cms. from its N.-seeking pole and in line with the magnet’s 
axis, 

5. In what way can the distribution of magnetism in a magnet be 
experimentally investigated ? 

6. What effect has a magnet on a piece of soft iron in its neighbour- 
hood? What conditions determine the direction of the mechanical 
force acting on a small piece of iron? Does the direction of this force 
always coincide with that which would act on a magnet pole if it 
occupied the same position as the soft iron ? 

7. A plate of iron of uniform thickness, but broader at one end than 
at the other, is magnetised by drawing from the narrow to the broad 
end a magnet which is itself wider than the broad end. Describe the 
magnetic state of the plate, and explain how it exhibits the two opposite 
magnetic properties in an equal degree. 

8. Two magnets are placed horizontally on a large sheet of white 
paper. You are supplied with a small compass, a pencil, and a watch. 
Assuming that the earth’s field may be neglected, how would you trace 
the lines of force due to the magnets and determine points at which the 
intensity of the magnetic field was equal ? 

g. A magnet is placed horizontally in the magnetic meridian due 
south of a compass needle. How will its action on the latter be 
affected if (i) a plate of soft iron is interposed between the two, (ii) a 
rod of soft iron is placed along the line which joins their centres? Give 
reasons. 

10. Two circular rings of iron are magnetised, the first by being 
placed between the poles of a strong horse-shoe magnet, so that the 
line joining the poles of the magnet is a diameter of the ring, the second 
by having one pole of a bar-magnet drawn round it several times. 
Describe the magnetic state of each ring. 

11, A magnet is placed so that its centre is due magnetic east of the 
centre of a compass needle, which is so mounted that it cannot dip. 
The magnet is made to rotate in a vertical plane about a horizontal axis 
which lies east and west, and passes through its centre. Describe the 
behaviour of the compass needle during one complete revolution of the 
magnet. 

-H.M , C2 
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12. A vertical magnet (the north pole of which is the lower) is 
moved slowly from north to south in the magnetic meridian which 
passes through the centre of a compass needle. The magnet passes 
over the compass, being always at the same height above it, but is not 
near enough to reverse the direction in which the needle points. What 
will be the effect on the time of vibration of the compass needle when 
the magnet occupies different positions ? 

13. A short bar-magnet is placed at the centre of a circle 3 feet in 
diameter, its axis béing in the magnetic meridian. Trace the changes 
in the direction in which a compass needle points as it is carried round 
the circumference of the circle. 

14. Describe the changes that are supposed to take place in the 
molecules of a steel bar when it is magnetised. How would you pro- 
pose to determine whether this had any effect on the size of the bar ? 


CHAPTER V 
MOMENTS OF MAGNETS 


Couple acting on a Magnet swinging horizontally in a 
uniform Field.—Let NS (Fig. 59) represent a magnet, of length 
2/ and pole-strength #, suspended at O in 
a uniform field of intensity H, the direction 
of which is indicated by the line XX. 
Equal and opposite forces, #H, act on the 
poles of the magnet, and therefore constitute 
a couple. , 

The moment of force, acting at N, 

=mH x Nx=mH x/sina. 

The moment of force, acting at S, 

=mH x Sy=mH x /sina. 

Hence, the total moment of the couple 

=2mH x/sin a. 

If the axis of the magnet is perpendicular S 
to the lines of force (so that «=9go0"), and 
if H=1, then the total moment of the 
couple =2 /(z.e. the strength ofone pole x the WH 
length) ; this product is termed the Moment 
of the Magnet, which may be defined thus : 
The moment of a magnet is equal to the moment of the mechanical 
couple which must be applied to 4 magnet in order to retain it in 
a position perpendicular to the lines of force of a field of unit 
intensity. 
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Intensity of Magnetisation.—By the previous section, the 
moment of a magnet is 2m/. If two such magnets are fixed 
together. end-to-end, then the total magnetic moment=4/, 
and so on; hence ¢he ¢otal moment ts egual to the sum of the 
moments of the constituent magnets. 

If the length of any magnet is L cms., and its cross-section 
is s sq. cms., we may regard it as being built up of Ls separate 
magnets, each 1 cm. long and 1 sq. cm. cross-section. The 
moment of each of these constituent magnets would be 


Total Moment La _m_ Pole-strength 


Volume Ls s Cross-section 


This ratio is termed the Intensity of Magnetisation, which may 
be defined in either of two ways: (i) The Total Moment divided 
by the Volume, or (ii) The Pole-strength divided by the Cross- 
section. 

The Moment of a Magnetic Shell.—If a thin sheet of steel 
or iron is magnetised so that opposite polarities are distributed 
uniformly over the flat faces, the distribution is then said to be 
lamellar, as compared with the solenoidal distribution obtained 
in a long thin wire.’ Such a magnetised sheet is termed a 
magnetic shell, and it may be regarded as being constituted of a 
number of very short magnetised bars placed side by side with 
similar poles pointing in the same direction. It is usual to 
speak of the pole-strength distributed on either face as the total 
quantity of magnetism on the face of the shell, and the quantity 
per unit area is termed the density of the magnetisation. 

The Magnetic Moment of a shell is equal to the sum of all 
the moments of the various portions into which it may be 
divided. Ifthe shell is divided into wz7¢ areas, then each con- 
stituent magnet has a length equal to the thickness of the shell 
and a cross-section of I sq.cm. Zhe moment of each such con- 
stituent magnet ts termed the strength of the shell. If $=strength 
of the shell, s=surface density of magnetisation, ¢=thickness of 
the shell, and A=area of shell, then 


o=—Cxe 
and, Moment of the Shell=A xo xd. 


Potential due to a Magnetic shell.—In Fig. 60, AB repre- 
sents a very small element (area =A) of a magnetic shell, of 
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thickness ¢. P is a point situated at distances d, and d, from 


the centres of the two faces Pa 
of the element. If w is the wei 
solid angle subtended at P by at 
the face of the element, then (77 eee 
(p. 583) : 
Solid angle (w) ee ~ ; 

1 4G =k eee ae oo ee 

A.cos 6. Yi 
Sac Aer 
Fic. 60. 


Assume that Q is the quan- 
tity of magnetism on each face of the element, and that the dis- 
tance d, is great in comparison with the dimensions of the ele- 
ment. Ifthe face nearer to P has N-seeking polarity, then 


(P. 54) 


Potential at P due to the near face=9 
1 
oS 
“3 a eee Cista cd Ge a 
- 2 2_QWG-4) 
Resultant Potential = per he aa 5 
But 
BeAr cos @ (approximately), and @,d@,=d,2 (approx.)=" cost 
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(by equation 1). 
Hence 


Qxtcos?  _Q 


jal=—— a X x?xXw=oxlXo. 
Resultant Potential mceEA ie w=cxXlxXw 


By the previous section, the strength ¢ of the shell=ov. 

Hence, the resultant potential =¢w ; or, in words, the potential 
at any point due to a magnetic shell is equal to the product of the 
strength of the shell and the solid angle subtended at the point by 


the boundary of the shell.! 

1It will be explained in a subsequent chapter that the lines of force and equi- 
potential surfaces surrounding a magnetic shell are identical in character with those 
surrounding a wire (of the same contour) conveying a current. Such a wire may 
therefore be said to have its eguivalent magnetic shell, the strength of the current 
being adjusted so that the magnetic fields are identical. If 7=strength of current, 
then the potential at any distant point may be written wz, where wp=w/, or 
A/d2xi=A/d2x, or AXZ=AXq. The strength of the current may therefore be 
measured in terms of the strength of the equivalent magnetic shell, This forms the 
basis of one method (A/ectromag netic) of measuring electric currents. 
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If P is situated very near to the N-seeking face of the shell, 
then w=27, and the potential=27r¢. If situated near to the 
other face, the potential=—27r¢. Consequently, if a unit 
magnet pole is moved from the N.-seeking to the S.-seeking 
face of the shell, the work done (z.e. the change in potential) 
will be equal to 47¢@ units of work. 

Intensity of Field, due to a Bar-Magnet.—(i) Az a font 
on the axis of the bar-magnet produced. Let NS (Fig. 61, i) 


nA 
W----5---=2/. -------- 
| wee me seen eee ee -- === = --- WLM 
Ss : N 


Fic. 61. 


represent a bar-magnet of pole-strength #z and length 2/7. Let 
A be a point on the axis of the magnet produced, and distant 
d@ cms. from the centre of the magnet. The intensity of the 
field at A, due to the pole S, is 2/(d—7)?; and that due to 
the pole N is —7z/(¢@+/)?; hence the resultant intensity at A is 


m|(ad—1)?-—m|(d+lP=m. 4ld|(d?— 1)? 


=o Md (d= 77 Pima cnet tt (1) 
If Z is very small relatively to d, then this may be written 
2M/a@*, approximately, geccr-svessde<cusen xcs (2) 


(ii) At a point on the line drawn through the centre of the 
magnet, and at right angles to its axis. The intensity of the 
field at A (Fig. 61 (B)), due to the pole N, is m/NA?%, and in 
the direction AZ; and the intensity at A, due to S, is m/SA2, 
and in the direction Ag. 

Since NA=SA, these intensities are equal in magnitude. If 
each is resolved into two components along, and at right angles 


RESULTANT MAGNETIC MOMENTS 79 


to, OA, the components along OA neutralise each other, and the 
resultant intensity is represented in magnitude and direction ° 
by 2Az. 
Since the triangles Am and ANO are similar, 
An/AfZ=NO/NA, 
or Az=ApZ.NO/NA 


=m. NO/NA$ i fe EY] 
=ml]}(d?+ 78, f 
Hence, the resultant intensity (2Az) 9 : 
is equal to Mi ee 
2ml|(d?+12)2 are ek 
$ / ia iY 
=M/(GFPYPN.....0. 2 (3) / 
If 7 is very small relatively to d, then é ' ‘ 
this may be written zi ' ‘ 
Miao see tet (4) N papeneneey cormeeeee 
It is evident that the intensity of Fie 616). 


the field at any point is not altered 
when another magnet is substituted, providing that the centres 
of the magnets are at the same point and that the moments 
are numerically equal. Thus the intensity due to a magnet of 
pole-strength 100 and length 4 cms. is the same as that due to 
a magnet of pole-strength 400 and length 1 cm. 

Composition and Resolution of Magnetic Moments.—It 
has been proved experimentally that the moments of two or more 
neighbouring magnets may be resolved or combined in the same 


Mine ere he e R 


Oo 4 
(i) 
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manner as in the case of two or more forces; for the moment ofa 
magnet may be represented in magnitude and direction by a line, and 
it is therefore a vector quantity. In Fig, 62 (i) let OM, and OM, 
represent the moments of two neighbouring magnets ; the distant field 
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is the same as that due to a single magnet the moment of which is 
represented in magnitude and direction by OR. If @ is the angle 
between the components, the direction of the resultant moment is given 
by the expression tan ¢= Mg sin 6/(M,+ Mg, cos 6). 

If the magnets of an astatic pair are not in the same vertical plane 
(Fig. 62 (ii)), it is evident that the system will come to rest with the 
magnets approximately at right angles to the magnetic meridian, the 
combination being equivalent to a single magnet of moment ON. 

Intensity of the Field at any Point, due to a Small 
Magnet.—Let A (Fig. 63) be a point which is @ cms. from the centre 


A 


. 
. 

% Das 

x 5 


M, Mz 

Fic. 63. 
of a small magnet NS, of moment M; and let the angle AOS be 
represented by @. 

The moment M may be resolved into two components—(i) a moment 
M,OM,, equal to Mcos@, in the direction OA, and (ii) a moment 
M,OM,, equal to Msin@, in a direction perpendicular to OA. 

The intensity at A, due to M,OM,, will be 2M cos 6/d%, along AO, 
and the intensity at A, due to MsOMg, will be Msin 6/d%, at right 
angles to AO. 

The resultant intensity (Ax) will be 


2M cds @\254 7; Mi sin.0 \2i IV ee 
l( a y*( ae ) = pans coP OF nr 


Mie 
=F7aN3 cos?@+ 1. 
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Also, if ¢@ be the angle between OA and the direction of the resultant 
M sin @ /2 Mcos@ 
he ae 


intensity, then tan ¢@= =4$tan 0. 

Couple acting on a Magnet, due to another Magnet.— 
(1) The Tangent (A) Position of Gauss. In Fig. 61 (i) let NS bea 
bar-magnet with its axis perpendicular to the magnetic meridian, 
and ms a small magnet suspended at a point on the axis of NS 
produced. Let mm’ and 2X be the pole-strength and length 
of zs, M the moment of NS, and H the horizontal intensity of 
the earth’s field. 

The magnet 7s will be deflected into a position such that the 
moment of the couple due to the magnet is equal and opposite 
to that due to the earth’s field. Hence, from equation (1) (p. 78), 


2Md. mn’ 
(a? — 72 


or M/H=(d?—/?)?. tan a/2d=(d*.tana)/2, approximately. 


.2A cosa=m'H.2Xsina, 


Bia. 64.—The Sine Position. 


(ii) The Tangent (B) Position of Gauss. In this case the sus- 
pended magnet is due north (or south) of the centre of a bar- 
magnet the axis of which is perpendicular to the meridian. 
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From equation (3) (p. 79), the deflection a is such that 


sche .2A.cosa=m'H.2A sina, 
(d2+ 1)? 
or M/H=(a@?+2 28 tan a=d*. tan a, approximately. 


(ili) The Sine Position. If the deflecting magnet is placed in 
the zangent (A) position, and the whole instrument rotated until 
the axis of the deflecting magnet is Zerfendicular to that of the 
suspended magnet (Fig. 64), then 


or M/H={(a?—7?)?. sin a}/2d. 


In this position, therefore, the ratio M/H is proportional to 
the szze of the angle of deflection. 


Expt. 29.—Place the deflecting magnet in position, and rotate the 
instrument until the pointer attached to the needle coincides with the 
zero of the scale. Remove the magnet; the needle will now point 
north and south, and the reading of the pointer will give the angle 
of deflection. Repeat the readings with the magnet reversed; and 
also take a similar series with the magnet on the other side of the 


magnetometer. From the average deflection calculate the value of 


Comparison of the Moments of Two Magnets by the 
Deflection Magnetometer.—In the experiments described 
below, the Tangent (A) Position of Gauss is used in preference 
to the (B) Position since the adjustments in the former position 
can be carried out more accurately, and the deflection obtained 
with any given magnet is greater. The comparison of the 
moments requires the determination of the ratio M/H for each 


magnet, and the ratio of the values obtained gives the ratio 
of the moments. 


Expr. 30.—Adjust the magnetometer so that its arms are perpen- 
dicular to the magnetic meridian. Place the bar-magnet (marked A) 
on the right-hand arm of the magnetometer, and with its centre 15 cms. 
away from the middle. Note the mean scale-reading of the two ends 
of the pointer. Reverse the magnet, and again note the deflection. 


Repeat these observations when the magnet is on the left-hand arm of 
the magnetometer. 
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Calculate the mean value of the ratio M,/H from the equation 
M/H=(d?—/*)? tana/2d. Repeat the observations, using the magnet 
marked B. Calculate the ratio Ma/Mg. 


Expt. 31.—The moments of the magnets A and B may also be 
compared in the following manner : Place the two magnets on opposite 
sides of the magnetometer so that they tend simultaneously to deflect the 
needle in opposite directions. Alter the distances @, and d until the 
deflection is zero. Then 

(Ma x 2a))/(2? — 4?)? = (Mz x 2a) / (a? — 1,7)?, 
or Ma/Mz=(d,? — 4?)Pai,/ (ds? — ?)ay. 


The Magnetic Length of a Bar-Magnet.—In the experi- 
ments of the previous paragraph it is assumed that the length 
2/ is equal to the length of the steel bar of which the magnet 
consists. But, as a general rule, the poles do zo¢ coincide with 
the extreme ends of the bar. The distance between the poles, 
or the magnetic length, of the magnet may be approximately 
determined by taking two sets of observations, similar to 
Expt. 30, with the magnet at different distances from the 
magnetometer needle. If the distances are d, and d@,, and the 
corresponding deflections are a, and ay, then 

(d,? —2?)? . tan a, / 2a, = (a? — 27)? tan a9/2d5. 

From this equation, neglecting higher powers of 4, 

2_ @,* tan a,—d,* tan ay 
~ 2(d, tan a,—d, tan ay)’ 
whence the value of 2/ is directly obtained. 

With ordinary bar-magnets the ratio of the magnetic length 
to the length of the steel bar is about 0.85. 

Mutual Force between Two Bar-Magnets, with their 
Axes along the same Straight Line.—Let N,S, and N,S, 
(Fig. 65) be two bar-magnets, of moments M, and M, 


a oT --—> 
cot ame 6 pmmcezzN, 
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respectively, and placed with their axes in the same straight 
line, and with their centres @ cms. apart. Also, let 2/, and 2/, 
be their respective lengths, and w the pole-strength of N,So. 
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The intensity of the field due to Be ce at the middle point 
of N.S, is 2M,/d*; and 


the force, acting on S., is 2M,w/(d—4.)°, 
and 3 3 Ng, is 2M,w/(@+/,)°. 

Hence, the resultant force =2M,m{(d—)3-—(d+h)} 
=2Mya{ (6d7,+ 2/,°)/(d? — 2,7) } 
= M,M, x 6a?/d® (approximately) 
=6M,M.,/d4. 


The Period of Oscillation of a Bar-Magnet.—Fig. 66 
represents a bar-magnet NS suspended horizontally at its 
centre. If #=the pole-strength, H=the horizontal intensity 
of the magnetic field, and 
2/=the length of the mag- 
net, then the force acting on 
each pole of the magnet is 
mY. if @ is) the# angie 
between the magnet’s axis 
and the meridian, this force 
may be resolved into two 
components, #H sin@ and 
mH cos @, only the former 
of which is effective in 
tending to produce move- 
ment round O. If @ is 


iN ; 

A very small and is expressed 
in circular measure, then 
van sin@=@=AN/Z, and the 

Fic. 66. 


effective force acting on 
the pole=mH.AN/Z Hence the force, and consequently the 
acceleration, is proportional to the displacement AN, and 
the magnet moves with Szmple Harmonic Motion (p. 24). 
The mode of vibration of a magnet in a uniform field is quite 
analogous to that of a simple pendulum (p. 25), and the formula 
for the time of vibration may be directly derived from that for 
the simple pendulum, viz. T=27V K/mlg. The product mg will 
be replaced by an attraction of one pole +H and a repulsion 
—mH of the other, or by a total force 27H. Also, the magnet 
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swings like a couple of simultaneously oscillating pendulums 
each of length 7cms. Hence ‘ 
sebcctd year Aa 
amHi ~" VM 
Comparison of the Moments of Two Magnets b 

f y the 
Method of Vibration.—If 
a magnet is swinging freely, 
the time of one complete 
oscillation is given by the 
formula 


i= 277. 


or MH= 
7? 


(where K=the Moment of 
Inertia, which can be calcu- 
lated from the weight and 
dimensions of the magnet). 

The moments of two mag- 
nets may be compared by 
determining the ratio of the 
value of MH _ determined 
separately for each magnet. Fic. 67. 

ExPT. 32.—Carefully measure the dimensions and weights of the two 
magnets (A and B), and calculate their Moments of Inertia (K4 and Ky). 
In order to determine the period of oscillation, suspend the magnet 
horizontally, by means of unspun silk, within a glass vessel (Fig. 67) or 
box with glass sides, and mark on the glass vertical lines which are in 
line with the centres of the pole faces of the magnet. Set the magnet 
swinging through a sa// angle, determine the time required for 50 oscil- 
lations, and calculate the times occupied by one oscillation (¢, and 4). 


21 2 
wk wk 
Then M,H=*4=, and MsH=“7>2. 
A” t, 
H Ma Ka. 4? 
ence Mant Os 
length)? ius)” 
1 For a cylindrical magnet, K= (Sensthy + facies?) x'mass, 
‘(] h 2 2, 
1) rectangular ,, K= (Conetiyit (breadth?) xX mass. 


(The measurements must be in ¢.G.s. units.) 
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The Influence of Temperature on the Moment of a 
Magnet.—The moment of a magnet gradually diminishes as 
the temperature increases, and increases again, but at a smaller 
rate, when the temperature is lowered ; consequently the moment 
is lowered permanently if an ordinary magnet is subjected to 
changes in temperature. 

It has been found, however, if a magnet is heated for a 
prolonged period, then strongly magnetised, and the process 
repeated several times (p. 8) that the moment is rendered 
constant for any temperature within the range to which it was 
previously heated. Within this range the moment at any given 
temperature may be expressed in terms of the moment at o° C 
by the simple formula : 

M:=M,(1—aZ), 


where a is the ¢emperature coefficient: the value of a seldom 
exceeds 0.001, providing that the magnet has been prepared by 
the method described above. 


Expt. 33.—Place a magnetometer with its arms north and south, 
and raise it until the needle is at the same horizontal level as the 
magnet, which is contained in a dish of oil supported on a copper tripod 
immediately to the east of the magnetometer needle. Support the 
magnet so that its axis lies east and west. Clamp a thermometer so 
that its bulb is immersed in the oil. Take a series of simultaneous 
readings of the deflection and the temperature, both when the oil is 
being heated and when it is cooling. 


Astatic Needles.—A magnetic needle, or system of needles, 
is astatic when, if suspended so as to turn freely round its point 
of support, it does not tend to come to rest in any one definite 
position. Nobili’s pattern (Fig. 197), the most frequent type of 
astatic needle, consists of two similar steel needles, magnetised 
to an equal degree, and rigidly connected with similar poles 
pointing in opposite directions. As a general rule the moments 
of the magnets are not exactly equal: if the moments are 7 and 
m’, then, if the system is deflected 6 degrees from the meridian, 
the turning couples (acting in opposite directions) are #H sin 0 
and m’H sin @, and the resultant turning couple is (#—7’)H sin 9. 
The astatic system will therefore behave like a single magnet 
of small moment, 7-7’, and the pair will come to rest in the 
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meridian in obedience to the stronger magnet. This result only 
holds good if the magnets are in the same vertical plane. 

Fig. 68 represents three other forms of astatic needles. Fig. 
68 (i) consists of a magnetised needle bent so as to form three 


te ae ae ee ee ee ee 


W th). di) 
Fic. 68.—Types of Astatic Needles. 
sides of arectangle. Fig. 68 (ii) is due to Prof. S. P. Thompson ; 
and Fig. 68 (iii), which consists of a needle supported on a rigid 
axle which coincides with the direction of the magnetic lines of 
force, is due to Ampére. 
SUMMARY. 


The Moment of a magnet is equal to the moment of the mechanical 
couple which must be applied to a magnet in order to retain tt in a postition 
perpendicular to the lines of force of a field of unit intensity. The 
moment of the couple required to produce a deflection a in a field of 
intensity H is HM sina. 

The Intensity of Magnetisation may be defined in two ways: (i) 
The magnetic moment per unit volume; or (ii) the pole-strength per 
unit cross-section. 

- ‘Magnetic Shell.—The s¢vength of a magnetic shell is the moment per 
‘unit cross-section. The magnetic moment of the entire shell is equal to 
the product : aréa x strength of shell. 

The fotential at any point due to a magnetic shell is equal to the 
product of the strength of the shell and the solid angle subtended at the 


point by the boundary of the shell. 
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The Intensity of the Field, due to a Bar-Magnet. (i) Az a porn 
on the axis produced.—The intensity at a point distant @ cms. from a 
magnet of moment M and length 2/ is equal to 2Ma/(d? — /)?. 

(ii) At a point on the eguatorial.—The intensity at a point distant 
d cms. from a magnet is M/(@?+2)2. 

(iii) At any pocnt.—The intensity at any point is MV3 cos*0+1/d®. 

The Tangent (A) Position of Gauss.—M/H =(d@?-— /?)? tan a/2d. 

The Tangent (B) Position of Gauss.—M/H =(d?+ rye tana. 

Mutual Force between two Bar-Magnets.—When their axes are in 
line, force=6M,M,/d@4, approximately. 

Period of Oscillation of a Bar-Magnet.—A bar-magnet of magnetic 
moment M and moment of inertia K, suspended horizontally in a field 
of which the horizontal intensity is H, will describe one complete 
oscillation in a period ¢ secs., where ¢= 27 K/MH. 

Temperature Coefficient of a Bar-Magnet.—The magnetic moments 
of a bar-magnet at temperatures ¢°C. and o°C. are so related that 
M:=M,(1I—af), where a is the ‘emperature-coefficient. 

Astatic Needles.—A magnet, or system of magnets, is astafic when 
it does not tend to come to rest.in any one definite position. 


QUESTIONS ON CHAPTER V 


1. A short horizontal bar-magnet is movable so as always at its 
middle point to touch a horizontal circle, at the centre of which is a 
compass-needle. Determine the positions of the magnet in which the 
needle’s deflection is the largest. 

2. Two small magnets, each of length 7and moment M, are placed 
with their axes in line and their centres at a distance x apart. Find the 
force of.attraction or repulsion between them. 

3. What is the magnetic moment of a magnet? Show how the 
magnetic moments of two magnets may be compared by the use of the 
torsion balance. 

4. A suspended magnet is deflected (i) through an angle of 45°, (ii) 
through an angle of 60°, Compare the moments of the couples tending 
to bring the needle to its original position. 

5. A magnet 1ocms. long is suspended in a magnetic field of which 
H=o.18. If the strength of each pole is 10 units, find the moment 
of the couple required to deflect the magnet (i) through 30°, (ii) 
through 90°. 

6. The moment of a magnet is 1000 in c.G.s. units. How much 
work is done in turning it through go” from the magnetic meridian in a 
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horizontal plane at a place where the horizontal intensity is 0.16 C.G.s. 
units ? 

7. What data are necessary in order that the moments of two magnets 
may be compared by observation of their times of oscillation in a 
constant magnetic field? Describe the experiment. 

8. A bar-magnet is suspended by a wire so as to hang horizontally. 
By how much must the top end of the wire be twisted for the magnet 
to be deflected 90° from the magnetic meridian, when for a deflection of 
30° it has to be twisted through 120°? 

9. Being given a small compass and a bar-magnet, and knowing the 
horizontal intensity of the earth’s magnetic field, how would you 
determine the moment of the bar-magnet ? 

10. A bar-magnet is suspended horizontally in the magnetic meri- 
dian by a wire without torsion. To deflect the bar 10° from the 
meridian the top of the wire has to be turned through 180°. The 
bar is removed, remagnetised, and restored, and the top of the 
wire has now to be turned through 250° to deflect the bar as much 
as before. Compare the magnetic moments of the bar before and after 
remagnetisation. 

11. Two equal and equally magnetised bar-magnets are fastened 
together so as to cross each other at night angles at their centres, 
and the cross can turn freely about a vertical line through its 
centre ; find the direction in which it will set in the earth’s magnetic 
field. 

12. Two pieces of steel, ot which one is a little longer than the other, 
are magnetised so that when attached by their centres toa piece of wire 
and suspended so that both are horizontal and in the same vertical 
plane, the combination is astatic. Will it be astatic if it be suspended 
by its centre of gravity so that the magnets are in a horizontal plane? 
Give reasons. 

13. Show how the magnetic moments of two unequally strong 
magnets may be compared by mounting them in the manner of astatic 
needles, (i) with like (ii) with unlike poles together, and observing their 
oscillations when so mounted. 

14. The magnetic moment of a skorf magnet is 2000 C.G.S. units. 
Find the intensity of its field at a point on its axis produced and 20 cms. 
from its centre. “Find the intensity if the magnet is 10 cms. long. 

15. Two magnets, the moment of one of which is double that of the 
other, are rigidly connected, with the centre and axis of the one vertically 
above the centre and axis of the other, and the whole is suspended by a 
fine metallic wire. When the magnets are oppositely directed the top 
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end of the wire has to be twisted through 75° in order to deflect the 
combination through 30° from the magnetic meridian. By how much 
must the top end of the wire be twisted when the magnets are similarly 
directed in order that the combination may take up a position perpen- 
dicular to the magnetic meridian ? 

16. A small compass-needle is pivoted on a point fixed to a horizontal 
table which is movable about a vertical axis. A bar-magnet is now 
laid on the table with its centre in, and its length perpendicular to, the 
magnetic axis of the needle in its undeflected position, and the needle is 
thereby deflected. Itis then found that the table must be turned through 
30° for the needle to point to the centre of the bar. Show that the 
magnetic moment of the magnet is 4HD%, where H is the horizontal 
component of the earth’s magnetic intensity and D is the distance of a 
pole of the magnet from the needle’s centre. 

17. Show that the force exerted by a bar-magnet, of magnetic moment 
M, ona unit pole placed at any point in the plane which bisects the 
magnet at right angles is Mz~%, where ~ is the distance of the point 
from either pole, it being assumed that the magnetic strength of the 
magnet is concentrated at its poles. How may this result be applied in 
the comparison of the horizontal component of the earth’s magnetic field 
at different points ? 

18. Prove that the magnetic force exerted by a short magnet at a 
point A on the line passing through its centre and perpendicular to its 
axis, is the same as the force exerted at a point on the axis, the distance 
of which from the centre of the magnet is 3/2 times the distance of A 
from the centre. 

19, The centres of two short magnets AB and CD are at a distance 7 
apart. AB lies along the line joining their centres and CD is at right 
angles to it. Show that the couple due to AB tending to make CD 
twist round is 2MM’/78, where M and M’ are the magnetic moments of 
the magnets. 

20. Two thin short bar-magnets, whose magnetic moments are as 1 to 
2, are placed horizontally with their centres together and their axes 
perpendicular. Show that a compass-needle, placed with its centre at 
any fairly large distance along the axis of the former magnet, would take 
up a position equally inclined to both magnets if the earth’s influence 
upon it were compensated, 

21. The magnetic moment of a bar-magnet, which weighs 65 grams, 
is found to be 2500. If the density of steel is 7.9, find the intensity of 
magnetisation. 

22. The intensity of magnetisation of a bar-magnet, 12 cms. long and 
0.75 Sq. cm. cross-section, is 200 C.G.s. units. Find the tangent of the 
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greatest angle of deflection of a magnetometer needle which this magnet 
could produce if its centre is 20 cms. from the needle, H =o. 20. 

23. A short bar-magnet is placed at Gibraltar, perpendicular to the 
magnetic meridian, and ‘end on’ towards a compass-needle from which 
it is distant 10c cms. When the experiment is repeated at Portsmouth 
the magnet has to be placed at a distance of 110 cms. from the compass 
to produce the same deflection of the needle. Compare the horizontal 
forces of the earth’s magnetism at Gibraltar and Portsmouth. 

24. Two magnets have the same pole strength, but one is three times 
as long as the other. The shorter is placed 10 cms. from a magneto- 
meter needle (using the A Position of Gauss). At what distance must 
the other be placed in order that there may be no deflection? 

25. Explain how you could compare the earth’s horizontal magnetic 
forces at two stations, by noting at each station the deflection of a 
compass-needle produced by a given small bar-magnet placed in a 
definite position with regard to the needle. ‘ 

26. Two short bar-magnets the moments of which are 108 and 192 
respectively are placed along two lines drawn on the table at right 
angles to each other. Find the intensity of the field due to the two 
magnets at the point of intersection of the lines, the centres of the 
magnets being respectively 30 and 40 cms. from this point. 

27. A small compass-needle is observed to be in neutral equilibrium 
when laid ona table at a distance of 20 cms. due north (magnetic) of 
the south pole of a bar-magnet lying on the table with its axis in the 
magnetic meridian. If the horizontal. component of the earth’s field is 
0.18c C.G.s. unit, and the distance between the poles of the magnet is 
10 cms., find the moment of the magnet. 

28. Find an expression for the couple acting on a magnet of moment 
M, when its axis makes an angle 6 with the lines of force of a magnetic 
field of strength H. If the magnet is suspended by a fine fibre, deflected 
until @ is 30°, and then released, find an expression for the kinetic 
energy which it will possess at the moment when it is passing through 


the magnetic meridian. 


CHAPTER VI 
TERRESTRIAL MAGNETISM 


THE presence of a magnetic field distributed over the surface of 
the earth is rendered evident by the fact that a compass-needle, 
or any magnet suspended horizontally, swings to-and-fro in 

edience to a magnetic couple, even when the neighbourhood 
is free from all other magnets or magnetic material. Moreover, 
if the magnet is suspended from its centre of gravity—so as to 
enable it to come to rest with its magnetic axis in the direction 
of the lines of force—it is observed that in nearly all localities 
the magnetic axis is inclined to the horizontal. Finally, it 
is only in a few places that the magnetic axis points towards 
the geographic north, and this variation from true north is not 
only different in different localities but also varies from time to 
time. 

In any complete statement of the earth’s magnetic field at any 
point it is therefore necessary to determine 


(i) the variation from true north, 
(ii) the inclination to the horizontal plane, and _ 


(iii) the Intensity of either the Total Magnetic Force or its 
Horizontal Component. 


In Fig. 69 the vertical plane GOY represents the Geographical 
Meridian, z.e. the vertical plane passing through the point of 
observation O and the earths geographical pole; the vertical 
plane MOY represents the Magnetic Meridian, z.c. the vertical 
plane in which the magnetic axis of a freely suspended magnet 
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comes to rest; OI represents in magnitude and direction the 
earth’s magnetic field, and is contained within the vertical plane 
MOY. 

The Declination, or Variation, is the SOUT 
angle between the geographical and | M 
magnetic meridians (GOM, Fig. 69). 

The Dip is the angle between the 
direction of the lines of force of the 
earth’s field and the horizontal 
(MOI, Fig. 69). 

The Horizontal and Vertical In- 
tensities (OH and OY) are the 
horizontal and vertical components 
of the Total Intensity (OI). Hence 

OH : DV 20s 
OT 70084 and Orne ee 

Declination.—The measurement of the declination involves 
two determinations, those of (i) the geographical meridian and 
(ii) the magnetic meridian. The former can be determined 
by careful astronomical observations. The determination of 
the latter is complicated by the fact that the magnetic axis of 
a magnet seldom coincides with the geometrical axis: this error 
is neutralised by repeating the observation with the magnet 
reversed, so that the surface previously uppermost is now 
underneath ; if the geometrical axis points to the E. of magnetic 

‘north in the first position it will point to the W. of north in the 

reversed position (cf. Fig. 75), and the mean position of the 
geometrical axis gives the direction of the magnetic meridian. 
The process may be demonstrated by the following simple 
" experiment. 


Expt. 34.—Bore circular holes through two square pieces of card- 
board, and fasten silk fibres across the holes (Fig. 70). Attach these to 
opposite end-faces of a bar-magnet, and suspend the magnet above the 
table by means of a silk loop and a bundle of unspun silk fibres. Bring 
the magnet to rest, and mark the direction of the line aé joining the 
points of intersection of the silk fibres by means of dass pins fixed into 
the table. Reverse the magnet so that the cross-fibres are now below 
the magnet, and mark the direction a's’, The line bisecting the angle 
between aé and a’d’ is the magnetic meridian. Also, since the magnet 
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comes to rest with its magnetic axis coinciding with the magnetic 
meridian, a line drawn on the face of thé magnet in the same vertical 
plane as the meridian will indicate the direction of the magnet’s 
magnetic axis. 


Fic. 70. 

Fig. 71 represents the instrument used in Kew Observatory 
for the measurement of declination, except that the telescope T, 
the brass bar SS!, and the magnet zz! are removed; also the 
magnet M, is replaced by one provided with a simple means of 
reversing its position. The essential parts of the apparatus are 
the glass tube A which carries the magnet by means of silk 
fibres, the telescope T,, the circular scale E round the centre of 
which the whole apparatus rotates, and the mirror C which 
rotates on a horizontal axis and is supported on a stand which 
can be adjusted so that the plane of the mirror is perpendicular 
to the axis of T,. The magnet consists of a hollow steel tube of 
which the end distant from T, is closed by a piece of plate glass 
on which a scale is etched, and the near end carries a lens 
of focal-length equal to the length of the magnet. The magnet 
is adjusted so that the scale can be focussed clearly in the 
telescope, and the instrument is rotated until the cross-fibres in 
the eye-piece of the telescope coincide with the centre of the 
scale ; the reading of the circular scale is then observed by 
means of the lens 7. The magnet is now reversed and the 
observation is repeated. The mean of the two observations 
corresponds to the scale reading of the magnetic meridian. 

The geographical meridian is determined by means of the 
telescope T,, the mirror C, and a chronometer of which the error 
is known. The mirror is adjusted so that its axis is horizontal, 
so that its normal is perpendicular to its axis, and so that 
when fixed vertically its normal coincides with the axis of the 


KEW MAGNETOMETER 95, 


telescope. The instrument is then rotated until an image of 
the sun is reflected from the mirror along the telescope, and the 
exact time is noted when the centre of the sun crosses the point 
of intersection of the fibres in the eye-piece. The azimuth, that 
is, the angular distance E. or W. of the meridian, of the sun at 


Fic. 71.—The Kew Magnetometer. 


the instant of transit can be calculated from the time, the 
latitude, and the north-polar distance of the sun, which can be 
found by reference to the Mautical Almanac. ‘The scale E 
is read, and the instrument rotated through an angle equal 
to the azimuth, calculated as above, when the axis of the 
telescope will now coincide with the geographical meridian ; 
the scale is again read. The Declination 15 equal to the 
difference between the last scale-reading and -that correspond- 


ing to the magnetic meridian. 
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The Horizontal Intensity.—-The measurement of the hori- 
zontal intensity involves two series of observations : 

(i) A magnet is suspended horizontally, and its period of 
swing is observed accurately, then (p. 84) 


ol sat _4 
pep OF MH Bayete (1) 


in this formula a complete vibration is taken as the time-interval 
between the passage of the magnet in a give direction across its 
position of rest and the next passage in the same direction. In some 
text-books the time of vibration is taken as the interval between 
consecutive passages across the position of rest, in which case equation (i) 
should be written, K 

ME" 

(ii) The same magnet is placed in the tangent (B) position 
of Gauss (p. 79) relatively to a short suspended magnet, to 
which a small mirror is attached in order that the deflections 
may be accurately observed, then 


7—255 


SD 


3 
a = (d2+22)* tan a. ......000- yorereteneeseenes (2) 
By dividing (i) by (ii), 
2 
ee 53S Ml NRT (3) 
2?(d?+ /?)* tana 


Fig. 72 explains this method of observing deflections. Mj repre- 
sents the mirror, S,S, 
the scale, and L the 
source of light. If 
the mirror is deflected 
through an angle a, 
the beam of light is 
rotated through an 
angle 6, and 6=2a, © 
Now tan 6=S,S,/OS,, 
and the value of 2a 
can be obtained from 
tables of natural tan- 
gents, thus giving the 
value of a. 


Fic. 72. 
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Expt. 35.1—Prepare a small cylindrical magnet, and calculate its 
moment of inertia (p. 22) from the formula 


K= (< +2) W, 


Toned 


where 2/=length, y=radius, and w=weight in grams. 

Suspend the magnet horizontally by means of a silk fibre, using 
apparatus similar to Fig. 66. At least three independent observations 
of the time required for 50 complete vibrations should be observed, and 
the time of one vibration calculated from the mean of these observations. 
From these observations calculate the value of MH by means of 
formula (I). 

Place a mirror magnetometer so that its face coincides with the 
magnetic meridian. Place a lamp and scale about 1 metre distant 
from, and its centre exactly oppcsite to, the centre of the mirror; 
and adjust the scale so that it coincides with the magnetic meridian. 
Focus the cross-wire on to the scale by means of a lens. Measure the 
distance of the centre of the scale from the mirror, and also the length 
of each scale division. Note the scale reading. Fix the same magnet 
as used in the vibration-experiment, by means of its cork support, with 
its centre at a known distance from the mirror, and observe the deflec- 
tion; repeat, with the magnet reversed, but at the same distance. 
Repeat both observations with the magnet on the other side of the 
magnetometer. Record the observations thus : 


Distance (D) of scale from mirror= 
Length (2/) of magnet= 
’ Distance (d) of middle of magnet from mirror= ~ 


Sle 


(224 222 Deflection in tan 2a tana. a (2+ pt tana, 


cms. (s). 


| 


From ‘be values of MH and M/H calculate the value of H by means 
of puesto (3). 


1Full details of this experiment are given in Stewart and Gee’s Practical 
Physics, vol. ii. (Macmillan), and in Hadley’s Practical Exercises in Magnetism 
and Electricity (Macmillan). 


HM, D 


98 MAGNETISM AND ELECTRICITY FOR STUDENTS 


Determination of the Moment of a Magnet.—If equations 
(1) and (2) are multiplied togethers then 


Ve S x (a? 22) tan a. 


Hence the moment of a magnet may be calculated from the 
same observations as would be required for a determination 
of H. 

The Determination of H at Kew Observatory.—The 
observations are taken in the following manner :— 

(i) The Time of Vibration of the Magnet.—The suspended magnet 
M, (Fig. 71) consists of a hollow steel tube with a glass scale at 
the distant end and a lens at the near end; its »zoment of tnertia 
(p. 22) is determined by supporting a brass cylinder in the 
metal tube immediately over the magnet, and by observing the 
time of vibration of the magnet both with and without the 
additional brass cylinder. If these times of vibration are / and 
¢ seconds respectively, and if 2 is the moment of inertia of the 
brass cylinder, then 


K+ v Ke 
moe (REE x 
T A? and ¢=27 MH 
Hence ?2/2=(K+4)/K, 
or kK kxXTa— foe 


(ii) The Measurement of a wooden case D and the 


telescope T, are removed, and the glass tube A is screwed into 
the top of the lower case. A hollow steel magnet Mo, to which 
is fixed a mirror perpendicular to the magnet’s axis, is sus- 
pended from the torsion-head. A scale s is fixed above the 
telescope T, and a graduated brass bar SS! is clamped in a 
position perpendicular to the axis of the telescope. The 
divisions of the scale are reflected from the mirror down the 
telescope, and the instrument is rotated until the central division 
of the scale coincides with the cross-fibres in the eye-piece. 
The reading of the horizontal scale is then noted. The magnet 
M,, used in the previous part of the observation, is supported 
on the carrier B as shown at m!, causing a deflection of M, 
The instrument is then rotated until the scale centre is again 
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coincident with the cross-fibres. The angle through which the 
instrument is rotated measures the angle of deflection. 

In this position the magnet M, is perpendicular to the 
axis of the magnet M,. The formula for the calculation 
of M win therefore be M_ iCdobest hs 

H eT 
to the size position, described on p. 80. 

Magnetic Dip.—The magnetic dip is determined by the angle 
which the magnetic axis of a magnet, supported through its 
centre of gravity, and free 
to move in a vertical plane, 
makes with a_ horizontal 
plane when the plane of 
motion coincides with the 
magnetic meridian. An 
accurate measurement is 
only possible with an ela- 
borate instrument, owing 
to errors due to the axle 
of the needle not coincid- 
ing with the centre of 
gravity, and to the magnetic 
and geometrical axes not 
coinciding. 

Fig. 73 represents the 
type of instrument used 
in Kew Observatory. The 
essential parts of the in- : 
strument are the meedle, Fic. 73.—The Kew Dip Circle. 
nn’, supported by a cylin- 
drical steel axle resting on agate knife-edges, the mzcroscopes m 
and m’ for determining the positions of the ends of the magnet, 
the magnifying glasses g and g’ for reading the vertical circular 
scale, and the horizontal scale H. The observations must be 
carried out systematically in order to avoid the following 


-sina. This corresponds 


possible errors : 
(2) The line joining the 90° reading on the upper and lower 


scale may not be vertical.—This error is corrected by taking 
one reading when the needle is in position, the instrument 1s 
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then turned through 180° (by means of the horizontal scale) so 
as to bring the needle into different quadrants of the vertical 
circle ; if the needle reads too low in the first case, it will now 
read too high, and the error is corrected by taking the mean of 
these readings. 


(6) The needle’s axle may not coincide with the centre of the 
scale.—Let zs (Fig. 74) represent the axis 
of the needle, giving scale readings at 2 
and s. The correct readings should be 
m' ands’. The error is corrected by read- 
ing both z and s, and taking the mean 
of these readings, for it is evident from 
the figure that, if the reading is too high, 
the reading of s is too low to an equal 
FIG.-74- extent. 

(c) The magnetic axis does not coincide with the axis of figure.— 

Let 7's’ (Fig. 75, 1) represent the magnetic axis of the needle zs. 


Fic. 75. 


The readings and s are incorrect—they are both too low. 
If the needle is reversed in its bearings (Fig. 75, ii), then both 
readings are too high. The error is therefore corrected by 
taking the average of these four readings. 


(d) The centre of mass may be situated on one side of the centre 
of motion.—In the position indicated in Fig. 76, i, this error will 
cause the reading to be too high. But if the needle is reversed 
in its bearings, as shown in Fig. 76, ii, the reading will be too 
low. The correct reading is obtained by taking the mean of 
the two readings. 


THE DIP CIRCLE IOI 


(e) The centre of mass may be displaced along the axis of the 
needle.—This error is removed by reversing the poles of the 


Fic. 76. 


needle. For if, in the first observation, the centre of mass 
should be above the axis of motion (Fig. 77, i), thus causing 
the dip to diminish, the reversal of the poles will bring the 


Fic. 77. 


centre of mass below the axis of motion (Fig. 77, ii), thus 
causing the dip to increase. The mean of these readings 
eliminates the error. 

Expr. 36.1 (i) Determination of the Magnetic Meridian.—This 
line is determined by rotating the plane of free motion of the needle until 
the needle is vertical... This position indicates that the needle is only 
influenced by the vertical component of the earth’s magnetic force—the 
‘horizontal component is only ¢exdiug to strain the axle of the needle. 
If the needle is now rotated through 90°, as observed on the horizontal 
scale, the plane of free motion will coincide exactly with the magnetic 
meridian. . 

1 For laboratory and class-room purposes, a much simpler type of instrument than 
Fig. 73 may be used with advantage. 
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All the enumerated errors, except (e), are involved, and they are 
eliminated by taking the following eight readings : 


Face of Instrument. Face of Needle. | pave 2! ect. ene 
Norehapole (i) oto. cesnise 
See { South pole (ii) .....0.....- 
South - = 2 = 
North - < {| iy b eRe Brg 
South - a { oa Meters cideteests 
North - = é 
North - Pe { Gap wie cictseieva raters 


Take the mean of these readings, @, and rotate the instrument 
until the scale-reading is (90 + @). The plane of free motion of the 
needle now coincides with the magnetic meridian. 


Expt. 36. (ii) Determination cf the Dip.—Commence with the 
instrument facing east, and with the needle also facing east: read 
both poles of needle. Reverse the needle on its bearings, so that it 
now faces west, and read both poles. Rotate the instrument 
through 180°, so that it now faces west ; read both poles. Reverse 
the needle on its bearings, and again read both poles. So far eight 
readings have been obtained, but the possible error (e) has not 
been eliminated. The polarity of the needle must now be reversed 
by the method of ‘‘ double touch,’ and all the previous observa- 
tions repeated. Tabulate the results in the following manner : 


"Face of | Face of 
Instrument. Needle. North Pole. 


North Pole. South Pole. 
South Pole. (Polarity reversed.) 


[iim OSt on 7 Lochs icothichce deat a nntiet hee |e cece eae 
Bast. 4 | East - fencscecbactecesscssccceee[eocnsetecernePptancesienens 

ii WIESE f= |ucinshsactivwisepasicce cepts sslet all Geac eeereteteteeemrmeent 4 
West PRreASE ile, epenevanc ieee rece tee eee mem mane Men 


West 


The true dip is obtained by calculating the mean value of these 
observations. ; 

Electromagnetic methods of measuring the horizontal intensity 
and the vertical intensity of the earth’s magnetic field have been 
introduced recently. From these the angle of dip is obtained by 
calculation. The methods are described on p. 2888. 
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Continuous Magnetic Records.—Since the magnetic ele- 
ments are subject to slight periodical changes, it is usual 
in observatories permanently to equip apparatus for the purpose 
of obtaining continuous records. The declination, horizontal 
intensity, and the vertical intensity are the three elements 
usually recorded ; the latter is substituted for the dip since the 
modification of the dip circle for recording purposes involves 
great practical difficulty. The record in each case is obtained 
by reflecting a narrow beam of light from a mirror (attached to 
the movable portion of the apparatus) to sensitized paper 
wrapped round a drum, which is rotated at a constant speed by 
means of clock-work. 

The changes in Declination are recorded by means of a magnet 
suspended from a single fibre. It has been found preferable to 
use several small magnets rigidly fixed 
together instead of a single magnet, since, 
weight for weight, a much greater magnetic 
moment is thereby obtained. Halves of a 
circular mirror (Fig. 78) are situated below 
the magnet, the upper half is rigidly con- 
nected to the magnet, and the lower half, 
the direction of which relatively to the 
meridian is known, is permanently fixed to 
the base. The beam of light is reflected 
partly from the upper and partly from the 
lower mirror, the latter tracing out on the sensitized paper a 
straight line, which serves as a base-line from which the 
amount of variation may be measured. 

The variations in Horizontal Intensity are recorded by means 
of a magnet, supported by a dzfilar suspension.! (In a recent 
form of apparatus a single fibre of quartz has been used for the 
purpose.) The upper end of the suspension is rotated so that 
the magnetic axis of the magnet is nearly perpendicular to the 
meridian, when the moment (MH), due to the earth’s field, will 
be balanced by the moment due to the bifilar suspension. Any 
slight alteration in the magnitude of H will cause a slight 
rotation of the magnet. The method of recording the variations 


Fic. 78. 


1See Bifilar Suspension, p. 104. 
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is identical with that used in the-case of the declination 
instrument. 

The-Vertical Intensity instrument consists of several magne- 
tised steel rods fixed horizontally and parallel to each other 
through a vertical aluminium frame, which is supported on 
agate knife edges—the arrangement resembling the beam of a 
chemical balance. A mirror is attached to the aluminium 
frame. Brass weights are added, so that the system comes to 
rest in a position nearly horizontal, and so that the centre of 
gravity is just below the plane of the knife edges. The moment 
of the magnetic forces is balanced 
by that of the weight acting at 
the centre of gravity, and any 
variation of the former produces 
a slight movement of the system 
in a vertical plane. 


Ax<------- -2% ~------->C 


Bifilar Suspension.—Fig. 79 repre- 
sents a magnet supported by two 
fibres (AB and CD) of equal length. 
Each fibre supports one-half the weight 
of the magnet. If the magnet is 
deflected through a small angle the 
fibres are inclined to the vertical, 
and the tension in each fibre may 
be resolved into vertical and _hori- 
zontal components ; the vertical com- 
ponents support the magnet while 
the horizontal components tend to 

Fic, 79.—Bifilar Suspension, rotate the magnet into its original 

position. The lower portion of Fig. 79 

represents a bird’s-eye view of the magnet retained in a position with 

its axis perpendicular to the meridian owing to a rotation of the 
torsion head through a small angle (a). 

If 7=length of each thread, T=tension, W=weight of magnet, and 
8=inclination of each thread to the vertical, then 


Vertical component of tension=T cos f. 


Horizontal _,, = Sins = lee “2 (where AB is the 
horizontal projection of the fibre). 
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Moment due to T sin 8= (T x =) x (the perpendicular distance 
from O) 


=2xarea OABx z 


OAxBE T OAxOBsina T 
———— x ==2 x 


=o = = 
2 Z ‘ 2 Z 


; gy 
=ay. sina x5. 


Total moment, due to both fibres, =2xysina x3 
__ 2xy sina 2 
ee: 2cosB 
LOW) ay-sin'a 
Sie 7cospet . 


If the magnet is perpendicular to the meridian, the moment due to 
magnetic forces=MH. Hence 


since T cos 8 -~) 


(The angle 8 is usually so small, that cos8 may be regarded as 
unity. ) 


Magnetic Maps.—Since the midgnetic elements have diffe- 
_rent values in different localities, much information may 
“be derived fram geographical maps, on which lines are drawn 
connecting together those localities in which a magnetic element 
has equal values. Figs. 80, 83, and 84 represent the distribution 
of the lines joining together localities having’ equal Declination, 
_ Dip, and Total Force respectively. 

Fig. 80 represents a map intersected by. linés of Lgual 
Declination, or of Equal Variation, which are termed Isogenic 
Lines. There are two lines of no Declination, termed Agonic 
Lines, passing from North to South, also an Agonic Line in the 
form of an oval located near to Siberia, and usually termed the 
Siberian Oval; these are indicated by thick continuous lines. 
The dotted lines indicate regions of Easterly Declination, and 
the thin continuous lines indicate regions of Westerly Declina- 
tion. 

The distribution of the isogonic lines may be fixed in the 
memory by attributing the earth’s magnetism to two magnets, 


H.M. ).2 
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one much stronger than the other, situated relatively to each 
other as shown in Fig. 81. The magnetic poles will be in the 
positions marked Sw and Nm, 
where the dip needle will be 
vertical. Fig. 82 represents a 
plan of the northern hemisphere. 
Imagine A,Ng to be the agonic 
line passing through America, and 
that a compass needle is conveyed 
round the magnetic equator in an 
easterly direction. Its declination 
will become westerly, gradually 
increasing, and then diminishing 
as it approaches the agonic line 
A,Ng situated near the Caspian 
Sea. The declination then becomes 
easterly for a short distance, as far as the agonic line A,Ng, 
which is the western arm of the Siberian Oval. Inside the 


oval the declination is westerly, and the agonic line A,Ng 
is the eastern arm of the 


pacific Ocea, Siberian Oval. Between A, 
and A, there is a wide area 
in which the declination is 
easterly. The alternation of 


K\Siberian 

An Oval westerly and easterly declin- 
Oo ation shown in Fig. 80 is 
PE readily explained by the joint 
persis magnetic forces due to the 

unequal poles S and s. 
Fig. 83 represents the lines 
of Egual Dzp, termed Isoclinic 
Lines. The line of 2o dip is 
termed the magnetic equator, 
and it will be noticed that this by no means coincides with 
the geographical equator. There are two positions, termed 
Magnetic poles, in which the dip needle points in a vertical 
direction ; Sir John Ross, in 1831, located the North Magnetic 
Pole in Boothia Felix (Lat. 70° 5’ N., Long. 96° 33’ W.); and 
the Shackleton antarctic expedition, in 1909, located the South 
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Magnetic Pole in South Victoria Land in Lat. 72° 25’ S. and 
Long. 154° E. In each case, if the magnetic poles are defined 
as the positions where the dip needle assumes a vertical position, 
there is probably a slow secular change, and a diurnal change 
by which the position of either pole describes an oval curve 
several miles in diameter. 

It is important to remember that the horizontal intensity 
diminishes in higher latitudes, although the total intensity as a 
general rule increases. For example, at St. Helena (Lat. 15° S.) 
the total force=o.276 C.G.S. units, and the Dip=20°; hence, 
since H/T=cos z (where H and T are the horizontal and total 
intensities), H =0.276 x 0.94=0.26 C.G.S. units. At Cape Town 
(Lat. 34° S.) the total force=o.345, and the Dip=58°; hence 
H=0.345 x 0.530=0.183 C.G.S. units. The horizontal intensity 
vanishes at the magnetic poles, and has its maximum value at 


the magnetic equator. 


TABLE OF MAGNETIC ELEMENTS, FOR THE YEAR SPECIFIED. 


a ve Bier, Horizontal Force 
Place. Year. Declination. Inclination. ger aie z 


Abinger. 1933] 11° 51’.7 W. 66° 39°.4 N. | 0.1853 
Stonyhurst. 1933 | 13° 16”.5 Ww. 68° 49’.0 N.} 0.1717 
Honolulu. I1933|10° 6’.0E. 


39° 16.3 N. 0.2854 
Dehra Dun 
(Delhi). LOSS %) le 27-0 =| 45-0 9002 NE 0.3306 


Christchurch hee 
(N.Z.). FO33 | Lon Oc OF. 58°.7 se 0.2234 
Mauritius. 1933 12° 37’.2 W. | 52° 43’.8S. 0.2256 


Within the area of the British Isles, the magnetic elements 
have been determined at a large number of stations by Sir 
Arthur Riicker and Sir Edward Thorpe,! the results showing that 
the isogonal lines extending over this area are extremely 
irregular in contour. These irregularities are due to masses of 
magnetic rock (e.g. basalt) either protruding through the earth’s 
surface (as in the case of the Malvern Hills), or to underground 
ridges reaching nearly to the earth’s surface. An equally 
complete survey in other regions would certainly reveal that the 


1See Rede Lecture, by Sir A. W. Riicker (Watwre, Dec. 16 and 23, 1897). 
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Isogonals and Isoclinals in Figs. 80 and 83 possess many irregu- 
larities not shown in these maps. 

Secular Changes.—The continuous record of the values 
of the magnetic elements at any point show that these are 
undergoing a slight gradual change; such changes are 
termed secular. The earliest record of the declination at 
London was made in 1580, and was found to be 11° 20’ E. ; 
from that date the easterly declination slowly diminished ;) 
the compass pointed true north in 1659, and then gradually 
moved to the west of true north. In 1823 the declination 
acquired a maximum value of 24° 30° W., and afterwards 
diminished. The official magnetic observatory is now at 
Abinger (Surrey), and not at Greenwich. In 1934 the de- 
clination at Abinger was 11° 41’ W., and it is now diminish- 
ing by about 11’ per annum. 

The Secular Change in the dip is comparatively small; thus, 
at Greenwich, it was 71° 50’ N. in 1576; 74° 20’ in 1720, and 

66° 52’N. in 1924. At Abinger 
it was 66° 39’.7 in 1934. The 
Sur horizontal intensity at Abin- 
€30 ger in 1934 was 0.18533 C.G.S. 
%o unit, and its change, from year 
: et / 7? LONDON to year, is but slight. 
A] 7% The combined Secular 
Changes in declination and dip 
are clearly represented by a graphic method (due to Dr. L. A. 
Bauer), shown in Fig. 84 ; the curve indicates the apparent path 
described by the N.-seeking pole of a magnet, freely suspended 
at its centre of gravity, as seen by an observer situated at the 
magnet’s centre. The horizontal and vertical scales represent 
changes in declination and dip respectively. It would appear 
that a complete cycle of changes would require about 480 years, 
and that the magnetic axis of the earth is rotating round the 
geographical axis in a direction opposite to that of the earth’s 
rotation. 

Annual and Diurnal Changes.—In addition to the secular 
changes in the magnetic elements there are also smaller changes 
extending over shorter periods. The annual change in declina- 
tion at Greenwich amounts to 2’ 25”, with a maximum easterly and 


Fic. 84. 
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westerly value in August and February respectively. Periodic 
daily (or diurnal) changes in the elements are also observed ; 
thus, the declination has a maximum easterly and westerly value 
at 8 a.m. and I p.m. respectively. There is strong evidence 
of a relationship between the range of the diurnal change and 
the frequency of sun spots ; thus, a year of maximum sunspot 
frequency exhibits also a maximum range of the diurnal change. 

Magnetic Storms.—The magnetic elements occasionally 
undergo changes which are somewhat violent, but not periodic ; 
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Fic. 85.—Kelvin’s Ship’s Compass. 


these disturbances, called magnetic storms, are usually simul- 
taneous with maxima displays of the aurora borealis. It has 
been suggested that both phenomena may arise from streams 
of electrons projected from the sun and passing through space 
in the neighbourhood of the earth. This undoubtedly would 
affect the magnetic elements, but the evidence of cause and 
effect is not entirely trustworthy. 

The Ship’s Compass.—Fig. §5 represents the needle and 
card, designed by Lord Kelvin, which until recently was the 
standard pattern adopted by the Admiralty and the mercantile 
marine. The needle consists of eight separate magnets fastened 
like the steps of a ladder to two silk threads. At its four corners 
this arrangement is attached by silk threads to the lower edge 
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of a circular aluminium rim, on the upper edge of which is 
fastened the paper scale. The rim is also connected by 32 silk 
threads to a central metal disc containing an inverted sapphire 
cup which rests on a vertical iridium point. The bowl contain- 
ing the needle and card is supported on giméa/ls consisting of 
two concentric rings connected in such a manner that the bowl 
is carried by two horizontal axes at right angles to one another ; 
this ensures that the bowl is always horizontal. 

A more recent type of instrument is the liquid compass 
(Fig. 86), invented by Captain the Hon. W. Chetwynd, R.N. ; 
and this has been adopted by the Admiralty and by foreign 
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Fic. 86.—Chetwynd’s Liquid Compass. 


navies. The chief advantage is that it has greater steadiness 
during heavy gunfire. The compass bowl is closed at the top 
and bottom by glass plates, forming a chamber which is filled 
completely with a mixture of water and alcohol. A heavy metal 
rim below the bowl gives stability. The use of glass enables 
the card to be illuminated from below by a light fixed in the 
binnacle. The card consists of a mica sheet, on which the scale 
has been photographed directly, by sensitizing the surface like 
a photographic negative ; after development the film is dried 
and covered with a thin coat of white paint. The card is sup- 
ported on a hollow metal float, which also carries two round 
bar magnets each about 8 cms. long. The /udder’s point is a 
horizontal pointer fixed to the bowl; its point is close to the 
edge of the card, and its length parallel to the ship’s keel. 
Corrections of the Ship's Compass.—The magnetic dis- 
turbances due to the iron of a ship are of two kinds, (i) the 
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permanent magnetism acquired during the building of the ship, 
and (ii) the temporary magnetism induced by the earth’s magnetic 
field. 

(i) Permanent Magnetisation.—The direction of this is due 
partly to magnetisation along the ship from bow to stern, partly 
to that of the cross-beams and partly to that of vertical portions 
of the structure. The first of these is usually the most pro- 
minent, and its effect on the compass may be compared to that 
of along steel magnet placed beneath the compass (Fig. 87 i). 


Fic. 87.—Effects on a ship's compass of (i) permanent, 
and (ii) temporary, magnetisation. 


No error is caused when the ship is on a N. and S. course ; 
and it is a maximum when the course is E. and W. Since, 
in the process of ‘swinging’ the ship, the error is a maximum 
once in each semi-circle it is called the semi-circular error. It is 
corrected by placing in the binnacle below the compass two sets, 
each varying in number from one to seven, of permanent 
magnets (M, and Mg, Fig. 874 i) horizontal and with their poles 
pointing in a direction opposite to that of the ship’s magnetism. 

The error due to the cross-beams is corrected by means of a 
pair of horizontal magnets (M3, Fig. 874 i) in the binnacle, and 
placed athwart-ships. 

The vertical magnetisation causes a semi-circular error ; also, 
when the ship heels over to either side, it gives a horizontal 
component ; this latter is termed the heeling error. Both of 
these are corrected by means of a third set of magnets (My, 
Fig. 87a ii) suspended vertically in the binnacle and vertically 
below the centre of the compass-card. 
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In order to allow for periodical re-correction the magnets are 
supported on adjustable chains which can be adjusted through 
the lower doors of the binnacle. 

(ii) Temporary Magnetisation.—The effect of temporary mag- 
netisation may be compared to that of a horizontal soft-iron bar 
below the compass (Fig. 87 ii). There is no error when the 
ship’s course is N. and S., or when E. and W. ; but the error is a 
maximum when the course is either N.E., N.W., S.E., or S.W. 
As the error appears in each quadrant it is termed the quadrantal 
error. This is corrected by a method suggested by Sir George 
Airy (Astronomer Royal) in 1840, in which two large soft-iron balls 
(C,, Co, Fig. 874) are fixed one on each side of the compass-bowl. 
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Fic. 87a.—A ship’s binnacle, showing corrector magnets, etc. 


The earth’s vertical component causes an error which is partly 
semi-circular and partly a heeling error. These are corrected 
by a vertical bar of soft iron fixed in front of the binnacle with 
its upper end just above the level of the compass-card. This is 
known as the Flinders bar (D, Fig. 874 ii), since its use was first 
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suggested by Captain Flinders, in 1801. As the binnacle is 
usually in the fore-part of the ship, and the greater part of the 
iron structure therefore dehind the binnacle, the Flinders bar is 
placed in front of the binnacle. 

The adjustment of all the several correctors is carried out in 
the process of ‘swinging the ship,’ in which the ship is moored 
to a buoy and moved successively into the various directions of 
the compass. The corrections for heeling-error are usually 
made by means of observations with a special needle suspended 
dike a dip needle. Readings with this are taken on shore and 
when suspended in the position of the compass, and the necessary 
correctors are adjusted until the readings are the same. 


SUMMARY 


The Magnetic Meridian is the vertical plane in which the magnetic 
axis of a freely suspended magnet comes to rest. 

Magnetic Declination, or Variation, is the angle between the geo- 
graphical and magnetic meridians. 

Magnetic Dip is the angle between the direction of the earth’s 
magnetic lines of force and a horizontal line in the magnetic meridian. 

The Horizontal and Vertical Intensities of the earth’s magnetism 
are the horizontal and vertical components of the 7otal Zntensity. 

The Declination is measured by determining (i) the geographical 
meridian, and (ii) the magnetic meridian. 

The Horzzontal Intensity is measured by means of two observations : 
(i) the rate of swing of a magnet suspended horizontally, and (ii) the 
deflection produced in a magnetometer needle when the same magnet is 
placed in the sangent B position of Gauss. 

The Dzp is measured by means of a magnet supported through its 
centre of gravity and free to move in a vertical plane. Two chief 
observations are necessary, (i) the determination of the meridian, and 
(ii) the measurement of the angle of dip. An elaborate series of read- 
ings are necessary to avoid possible errors, which are five in number. 

Isogonic Lines are lines drawn on a map through places at which 
the magnetic declination or variation is the same. The isogonic lines 
drawn through places in which the magnetic declination is zero are 
asually termed Agonic Lines. 

Isoclinie Lines are lines drawn on a map through places at which 
the magnetic dip is the same. The line of xo magnetic dip is termed the 
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magnetic equator. The Magnetic Poles are places at which the dip- 
needle is vertical. 

Secular Changes.—The gradual and continuous changes observed in 
the magnetic elements are termed Secw/ar changes. A complete cycle 
of such changes would probably require about 480 years. » Shorter 
cycle changes are called annual or diurnal according to the periodic 
time of the cycle. 

Violent and aperiodic changes in the magnetic elements are termed 
magnetic storms. 

A ship’s compass is liable to errors owing to the magnetisation of the 


iron portions of a ship: the magnetisatian may be either permanent or 
temporary. 


QUESTIONS ON CHAPTER VI 


1. Give a general account of the distribution of isogonic lines on the 
earth’s surface, describing particularly the lines of no declination. 

2. What is meant by (i) declination, (ii) agonic lines, (iii) magnetic 
equator? Draw a map showing the general’ position of the agonic 
lines, and indicate the direction of the declination in the regions into 
which these lines divide the earth’s surface. 

3. Given a circular steel plate magnetised along an unknown 
diameter, explain how to find its magnetic axis, and also the magnetic 
meridian. 

4. A piece of soft iron wire is held in a vertical position with its 
lower end near the north pole of a compass needle, which is feebly 
attracted. The wire is then heated bright red by a flame, when it is 
observed that the attraction ceases. As the wire cools the needle is 
observed to be repelled. Explain these phenomena. 

5. An iron pillar stands vertically in the centre of a room in which 
the direction of the magnetic meridian is known. Assuming that there 
is no other iron in the neighbourhood, how would you determine what 
part of the horizontal magnetic force at a given point in the rcom, 
magnetic north or south of the centre of the pillar, is due to the pillar? 

6. An electric current is passed through a wire which is parallel to 
and just below a compass needle, and the needle is thereby deflected. 
Why would this deflection alter if, other things remaining unchanged, 
the experiment was made at different places ? 

7- A uniformly magnetised bar-magnet 10 cms. long, having a 
moment of 200 C.G.S. units, is placed in a horizontal position with its 
axis in the magnetic meridian. A small compass needle placed at a 
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distance of 10 cms. east of the centre of the bar is observed to be in 
neutral equilibrium. Find the horizontal intensity of the earth’s field. 

8. If you explore with a magnetic compass the space near the top, 
middle, and bottom of a cylindrical soft-iron column standing erect, 
what do you observe? Will it make any difference in the actions if the 
column is laid prostrate in the magnetic meridian ? 

g. A magnetic needle is suspended horizontally by a silk fibre, and a 
bar-magnet is placed a little distance to the east of it. What effects on 
the needle will be observed as the bar-magnet is rotated round its 
centre (i) in a horizontal plane, (ii) in the magnetic meridian ? 

10. Supposing an iron ship to behave like a permanent magnet, with 
a north pole at the bow and a south pole at the stern, explain how a 
compass on board will be affected as the ship swings through 360°. 
Would the effect on the compass be the same in England and at the 
Equator ? 

11. A short bar-magnet is placed on a table with its axis perpen- 
dicular to the magnetic meridian, and passing through the centre of a 
compass needle. In London the compass needle is deflected through 
a certain angle when the centre of the magnet is 25 inches from 
the centre of the needle. If the experiment be repeated in Bombay the 
magnet must be moved 5 inches nearer to the needle to produce the 
same deflection. Use these data to compare the horizontal forces in 
London and Bombay. 

12. A magnet placed due east (magnetic) of a compass needle deflects 
the needle through 60° from the meridian. If at another station, where 
the horizontal force of the earth’s magnetism is three times as great as 
at the first, the same magnet be similarly placed with respect to the 
compass needle, what will be the deflection of the latter ? 

13. Describe fully how to determine accurately the absolute value of 
the horizontal component of the earth’s intensity at any place on the 
earth’s surface. 

14. Given a compass needle and a short bar-magnet, describe two 
methods which may be employed for comparing the horizontal forces 
of the earth’s magnetism at two places. 

15. Describe in detail the method of determining the magnetic dip at 
any point, explaining the reason for each operation you describe. 

16. A small weight is attached to the upper end of a dip needle, 
whereby the inclination of the needle to the horizontal plane is diminished 
by one-half. Draw a picture showing the directions of the forces which 
act upon the needle, and state the conditions of equilibrium. 

17. State the means which are adopted, in the determination of the 
magnetic dip at any place, to eliminate errors due to the possibility 
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that—(a) the magnetic axis of the needle is not in line with its geometrical 
axis ; (4) the needle is not balanced exactly at the centre of the vertical 
circle ; (c)the centre of gravity of the needle is nearer one end of the 
needle than the other. 

18. A magnetic needle is suspended on a horizontal axis through its 
centre of gravity. The horizontal axis is slowly turned round in a 
horizontal plane. Describe and explain the position of the needle for 
various positions of the axis (i) in England, (ii) at the Magnetic Equator. 

19. The vertical components of the earth’s magnetic force at two 
different places are to be compared. How will you do it? 

2c. A magnetised bar of steel turns about an axis through its centre 
of gravity and perpendicular to its length, and can move in a plane 
perpendicular to the magnetic meridian. The magnet is loaded at one 
end so as to lie horizontal. Explain how such an arrangement can be 
used to indicate changes in the earth’s vertical magnetic force. 

21, Explain what observations are necessary for the determination of 
the total intensity of the earth’s magnetic field at any given place. 

22. A compass needle makes 40 oscillations per minute at a place 
where the dip is 60°, and 36 oscillations per minute where the dip is 70- 
Compare the value of the total magnetic intensity at the two places. 
(cos 60°=0.5, cos 70°=0. 342. ) 

23. A magnet suspended so as to swing horizontally makes 50 vibra 
tions per minute at a place where the dip is 30°, and 40 vibrations where 
the dip is 45°. Compare the total magnetic intensities at the two places. 

24. At Kew the total magnetic intensity is 0.47 C.G.s. units and the 
dip is 67°: at New York the total intensity is 0.61 and the dip 70°. A 
magnet swinging horizontally at Kew makes 30 oscillations in a minute. 
How many would it make in the same time at New York? 

25. Explain how to determine the moment of a magnet at a place 
where you do not know the intensity of the earth’s horizontal field. 

26. A dip circle is rotated (in azimuth) through an angle @ from the 
magnetic meridian, and the apparent angle of dip is then 2°. Prove that 
the true dip (I) at the same locality is given by the equation 

tan I=tan7z cos @. 

27. The period of vibration of a bar-magnet was found to be 15.3 
seconds. It was then placed in the tangent A position of Gauss 
relatively to a magnetometer needle, with its centre at a distance of 
30 cms. from the needle, and the mean deflection was 18°. If the 
length of the magnet was 11.6 cms. and its moment of inertia 600 C.G.s. 


units, calculate the value of the horizontal component of the earth’s field. 
(tan 18°=0.325.) 


PART Ii 


Sl ALIC. RLECTRIGITY 


CHAPTER VII 
INTRODUCTORY 


Expt. 37.—Rub a stick of sealing-wax with dry flannel, and observe 
that it has acquired the peculiar property of attracting small fragments 
of paper, cork, or cotton fibre. By holding the wax near to one end ot 
a wooden lath, balanced on an inverted round-bottomed flask, it may be 
shown that the force of attraction acts upon all bodies, whatever their 
mass may be. 

DEFINITION.— When a substance is rubbed with a suitable 
material, and is then found to possess the property of attracting 
neighbouring objects, it is said to be electrified (or, to possess a 


charge of electricity). 

Mutual Action of Electrified Bodies.—Exrv. 38 (i).—Suspend 
an electrified rod of sealing-wax horizontally, and bring near to one end 
of it another similarly charged rod of sealing-wax. Notice the repulsion, 

(ii) Repeat Expt. 38 (i) using, instead of sealing-wax, glass rods which 
have been rubbed with silk. Notice the repulsion. 

(iii) Suspend an electrified rod of sealing-wax. Bring near to it a rod 
of glass, previously rubbed with silk. Notice the attraction.’ 


1 Considerable care is required in using glass rods, tor, without any evident reason, 
the glass will sometimes become negatively charged when rubbed with silk. If both 
glass and silk have been dried in a sand-oven the glass will become positively 
charged, but if the glass has been dried by passing it through a Bunsen flame it will 
become negatively charged, when rubbed with silk. It has been suggested that this 
is due to the flame removing the thin film of air condensed on the surface of the 
glass. If the glass is allowed to become gutte cold and then warmed again in the 
sand-oven, it will recover its normal property of becoming positively charged. 
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Du Fay, who first observed these results, assumed the exist- 
ence of two kinds of electrification, and applied the terms 
vitreous and resinous to the charges generated on the glass and 
wax respectively. Ata later date it was observed that the kind 
of electrification depended on the substance used as a rubber ; 
e.g. glass when rubbed with fur becomes charged with resinous 
electricity. For this reason, the terms fosztive and negative, 
which were first suggested by Benjamin Franklin, have since 
been adopted. 

With the nomenclature now in use, the accepted rules are that, 

(i) Glass rubbed with silk ts positively charged ; 
(ii) Sealing-wax rubbed with fur (or flannel) is negatively 
charged ; 

(iii) Bodies with like charges repel, and bodies with unlike 

charges attract cach other ; 


(iv) A charged body always attracts an uncharged body. 


Theories of Electrification.—The growth of knowledge 
concerning static electricity has been accompanied by specula- 
tions as to its nature. Early in the eighteenth century du Fay 
enunciated the idea that there are two kinds of electricity, 
vitreous and resinous, which.are of the nature of indestructible 
fluids, the particles of one kind being mutually repellent, but 
attracting particles of the other kind. According to this theory 
an uncharged body contained equal quantities of the two fluids, 
and a charged body contained an excess of one or other of 
the fluids. om 
. At a later date, 1747, Benjamin Franklin propounded the 
‘one-fluid’ theory, according to which there is only one fluid— 
called the fosttive. To him we owe the terms ‘plus’ and 
‘minus,’ or ‘positive’ and ‘negative, as applied to electric 
phenomena. In this theory matter takes the place of the 
negative fluid, and the particles of matter and of the fluid are 
self-repellent but mutually attracting ; also uncharged bodies 
contain a normal amount of the fluid, such that the attraction 
of the matter for any of the fluid outside the body just balances 
repulsion due to the contained fluid; and a body is positively 
or negatively charged according to whether it contains more 
than, or less than, the normal amount of the fluid. If the words 
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‘positive’ and ‘neyative’ are interchanged Franklin’s theory is 
in close agreement with the remarkable results which have led 
to the modern electron theory. 

Electrons.—Investigation in the discharge of electricity 
through rarefied gases } (Chap. XX VI.) has demonstrated the ex- 
istence of particles which are far more minute than the smallest 
atom, and are always associated with a negative charge of 
4:7 X 10-”° C.G.S. electrostatic unit (p. 128) ; and it is remarkable 
that the same charge is associated with each hydrogen atom 
in all processes of electrolysis. These particles are termed 
electrons. 

Recent research has shown that (i) the atom of any element 
consists of a minute zzcleus, which is +!¥ charged, and round 
which rotate one or more electrons—like planets revolving round 
the sun ; and one element differs from another only in the num- 
ber of electrons contained within the atom ; (ii) in any normal 
atom, the number of electrons is just sufficient to neutralise the 
free +¥° charge of the nucleus ; (iil) and, by means of external 
force (such as electric force, heat or chemical action), one or 
more of the freely moving electrons can be expelled from an 
atom, leaving it with an excess of +** charge ; the atom is then 
known as a positive ion. The expelled electrons sooner or 
later attach themselves to normal atoms, giving them an excess 
of —¥¢ charge ; such atoms are known as negative ions ; (iv) the 
mass of an electron is 1850 times less than that of the hydrogen 
atom ; and, as the greatest number of electrons revolving round 
the nucleus is only 92 (viz. in the atom of uranium), practically 
all the weight of any atom is concentrated in the nucleus. The 
diameter of an electron is about 2x107!* cm., or 10° times 
smaller than that of the atom ; and, as the nucleus of the hydro- 
gen atom is probably 2000 times smaller still, the greater part 
of the atom is empty space. 

Based upon these results, we may say that the opposite 
charges generated on two surfaces when in contact, are due 
to a transference of electrons from the surface which becomes 
+/¥ charged o the surface which becomes —'¥ charged. Hence 
a —'¥ charged surface has an excess of electrons, and a+'¥ 


1Sir J. J. Thomson, Discharge of Electricity through Gases (Constable). 
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charged surface has a deficit. These deductions are strikingly 
similar to those derived from the ‘one-fluid theory’ which was 
originally stated by Benjamin Franklin. 

There is reason to believe that, in metals and other good con- 
ductors, the atoms are intermittently normal and ‘ionised’ ; so 
that, at any instant, there are many electrons in a state of trans- 
ference from one atom to another; and when an electromotive 
force is applied to a conductor, e.g. by joining the poles of a 
voltaic cell to the ends of a wire, a stream of these momentarily- 
free electrons flows steadily along the wire—like a swarm of 
gnats in a breeze—the direction of the stream being from the 
negative end to the positive end. 

Electroscopes.—Any appliancé which serves to detect very 
small charges of electricity is termed an £Jectroscope. The 
Pith-ball Electroscope con- 
sists of a small ball, made 
from elder-pith, suspended 
by means of a silk thread. 
The Gold-leaf Electroscope 
(Fig. 88) is a practical appli- 
cation of the principle that 
two similarly charged bodies 
repel one another; it con- 
sists of two narrow strips of 
gold leaf suspended from 
the lower end of a stout wire, 
at the top of which a metal 
disc is fixed; the wire is 
supported vertically by a 
plug of insulating material 
é.g. ebonite or paraffin-wax), 


and the leaves are protected 
from air currents by means 
of a case, the front and back 
of which are of glass. The sides of the case should be lined 
on the inside with strips of metal which are earth-connected. 
Nearly all the leakage which may occur is conveyed along the 
surface of the insulating plug ; the insulation is therefore im- 
proved by cutting V-shaped grooves on the surface of the plug, 


Fic. 88.—/ . Gold-leaf Electroscope. 
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whereby the length of path traversed by any leakage is 
increased. The theory of the Gold-leaf Electro: cope is dis- 
cussed on p. 159. 


Expt. 39.—(i) Hold an electrified rod of sealing-wax near to a 
pith-ball electroscope. Notice how the vall is attracted towards 
the wax, and how, after brief contact, it is repelied. The pith-ball 
acquires a slight negative charge from the wax, causing subsequent 
repulsion. 

(ii) Gently pass the surface of a charged rod of sealing-wax along the 
edge of the disc of a gold-leaf electroscope. Notice the divergence of 
the leaves. The instrument is now xegatively charged. Hold over the 
disc (while the instrument is still charged) (i). sealing-wax previously 
rubbed with fur, (ii) glass previously rubbed with silk, (iii) the hand. 
Notice the zzcreased divergence in (i), and the dzwznished divergence in 
(ii) and (iii). Discharge the electroscope by touching the disc, and 
repeat the observations after charging the electroscope positively by 
touching the disc with a feebly charged glass rod. 

From these observations the following rules may be deduced: 

I. Divergence is increased by a neighbouring similar charge. 

2. Divergence is diminished by a neighbouring unlike charge or 
earth-connected conductor. 

Conditions under which certain substances may be 
charged or discharged.—A charged rod of sealing-wax or of 
glass may be discharged by passing it quickly through a flame, 
or by passing it gen¢/y through the closed hand ; but if the hand 
is dry, and the movement rapid, the rods may acguire a charge. 
The flame and the hand have conducted the charge away, and 
they are termed conductors. A charge cannot be retained by a 
metal rod if held in the hand, since all metals are conductors ; 
but if the metal is supported on a handle of sealing-wax or 
glass, which are non-conductors or insulators, it may be readily 
charged. 

Expt. 40.—(i) Fix a brass rod, or a square piece of sheet brass or 
zinc, on the end of a rod of vulcanite. sch the metal with fur, and 
observe the charge by means of an electroscope. 

(ii) Flick the metal disc of an electroscope with fur. Note the 
divergence of the leaves, and verify the zegafive charge by means of a 
charged rod of sealing-wax. 
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Conductors and Insulators.—In previous experiments, a 
flame, metals, and the hand have been found to be conductors. 
Other substances may be tested in the following manner : 


Expt. 41.—Charge the gold-leaf electroscope, and touch the disc 
with a piece of metal wire held in the hand: the leaves collapse im- 
mediately. Repeat the-observation with a strip of paper, a dry glass 
rod, cotton thread, silk thread (dry and wet), sulphur, paraffin-wax, 
silk thread dipped in oil, vulcanite, shellac, charcoal, wood, etc. 


Substances may be classified, as regards their conducting 
power, thus : 


Conductors.—Mesals, the body, water, charcoal. 

Partial Conductors.—Pafer, cotton, wood. 

Insulators.—Glass, sealing-wax, shellac, vulcanite, sulphur, 
stlk, otls. 

The insulating power of glass is often found to be unsatis- 
factory, especially in the case of soda-glass. This is largely 
due to the deposition of a film of moisture on the surface, and 
to chemical changes in the glass itself. The surface is rendered 
much less hygroscopic by coating it with paraffin-wax or with 
shellac varnish (prepared by dissolving pure shellac in absolute 
alcohol) ; the former is preferable, as the wax may be occasion- 
ally scraped so as to expose a fresh surface to the air. Dense 
flint glass is the most satisfactory type of glass for insulating 
purposes. 


Of all insulators, fused quartz is found to be the most 
perfect. 

Professor Ayrton has designed a glass insulating stand which 
is serviceable in electrostatic experiments. It consists of a 
conical glass flask, at the bottom of which is fixed a vertical 
glass tubulure. The end of a glass rod is ground into the 
tubulure, like the stopper of a glass bottle, and the upper end 
projects above the neck of the flask and serves as a support for 
any apparatus. The air of the flask is kept dry by means of 
strong sulphuric acid contained in the flask, and a split rubber 
stopper serves to close the neck of the flask when the stand is 
not in use. 

Charging by Induction.—It is useful, at an early stage of 
the subject, to adopt a more convenient method of imparting: 
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charges to insulated conductors. The following experiment 
will explain how a conductor may be charged by induction. 


Expt. 42.—Support, on an insulating stand, a wooden cylinder (AB, 
Fig. 89) with rounded ends and coated with tin-foil or blacklead. 
Hold a positively charged glass rod near to the end A. Touch A with 
a proof-plane, which consists of a small 
metal disc, ¢.g. a halfpenny, fixed on the 
end of an insulating handle, and prove that 
it has acquired a negative charge by bringing | 
it near to the disc of a negatively charged | 
electroscope. . Verify the presence of a | 
positive charge on the end B in a similar |' , 
manner. After momentarily touching the hase opted 5 Sa 
cylinder with the finger, the end A will still SPE Sag A TES 
retain a negative charge, but there will be no charge at B. Remove 
the glass rod, and verify that a negative charge is distributed over the 
surface of the cylinder. The original charges on the ends A and B are 
tnduced by the charge on the glass rod, and the final charge on the 
cylinder has been obtained by zzduction. 

The cylinder may be charged positively by induction by using a 
negatively charged rod of sealing-wax instead of the positively charged 
glass rod. 


Both kinds of Electrification are produced simultan- 
eously and in equal quantity.—This statement may be 
proved by either of the following experiments: 


Expt. 43.—(i) Attach a disc of cardboard to the end of a vulcanite 

rod, and cover one face of the disc with a small piece of fur. Support 
a small square of glass in a similar manner. After warming the glass, 
beat it gently with the fur. Keeping the glass and fur in contact, hold 
them over a charged electroscope, and notice that there is no change in 
the divergence. Now bring the glass and fur separately over the disc, 
and observe that one produces an increased divergence and the other a 
diminished divergence. 
- (ii) Place a loose-fitting flannel cap, attached to one end of a long 
silk thread, over the end of a vulcanite rod. Twist the thread round 
the cap, and pull the thread so as to make the cap rotate round the end 
of the rod. If the rod is held near a charged electroscope, no change in 
divergence is observed so long as the cap remains on the rod ; but, as 
soon as the cap is removed, it is easy to detect a negative charge on the 
rod and a positive charge on the flannel. 
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Electrification of Gases.—Although solids and liquids can 
be readily electrified, yet it is extremely difficult to impart a 
charge to a gas in its normal condition. This is evident in the 
fact that a well-insulated solid conductor, when charged, does 
not lose an appreciable part of its charge although completely 
surrounded by air. The simplest method of charging air is to 
connect electrically an insulated flame to one terminal of a 
Wimshurst machine, the other terminal being earth-connected ; 
or, instead of a flame, a pointed needle may be used (see Action 
of Points, p. 218). 

Various chemical processes cause electrification in the surround- 
ing air. Thus, Pouillet observed that when carbon burns, the 
surrounding air was positively charged, while the carbon was 
negatively charged. Also, air is charged negatively by burning 
coal-gas. Lavoisierand Laplace found that hydrogen, generated 
from iron and sulphuric acid, was positively charged. The 
hydrogen may even be drawn through a plug of glass-wool 
without losing its charge. 

The most efficient method of charging a gas is obtained by 
the splashing of liquids. If water or mercury falls on a metal 
plate, the surrounding air is negatively while the liquid is 
positively charged. The effect can be shown by shaking 
mercury in a bottle, and drawing off the air through a tube. 
Small amounts of impurities in the water have a remarkable 
effect ; e.g. a dilute salt solution will give a positive charge to 
the air. Lenard has suggested that the effect may be due to a 
double electrical layer at the surface of each drop of liquid. 
With pure water the positive layer is next the water, and the 
negative layer next the air. On striking the metal surface the 
mechanical disturbance may tear this layer asunder, and impart 
a negative charge to the air. 

Elster and Geitel have found when a platinum wire glows in 
air that the wire acquires a negative charge and the surround- 
ing air a positive charge. If hydrogen surrounds the wire the 
gas is negatively charged, but all other gases give the same 
results as air. 

The Law of Inverse Squares..—This law, which. states 
that the mutual force exerted between two charged bodies varies 


1A more rigid proof of this Law is given on p. 152. 
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inversely as the square of the distance, was experimentally 
verified for the first time by Coulomb, by means of his Torsion 
Balance (see p. 31), in which the force of repulsion between two 
small charged spheres is balanced by the torsion in a fine wire. 
The apparatus closely resembles Fig. 19, but the magnets there 
shown are replaced by two insulating rods (of shellac), at the 
end of each of which is fixed a small gilt pith-ball. The torsion- 
head of the instrument is adjusted until the position of ‘the 
suspended pith-ball coincides with that occupied by the fixed 
pith-ball; the latter is charged, inserted into the instrument, 
and brought into contact with the other pith-ball. The charge 
is shared and mutual repulsion takes place. If 6 is the angular 
distance between the balls, then @ is also the torsion in the wire. 
In order to reduce the angular distance, the torsion-head must 
be rotated in the opposite direction ; if the angular distance is 
reduced to @,, by turning the torsion-head through T,’, the total 
torsion will then be (T,+6,). If the Law of Inverse Squares is 
true, then the product Force x (distance)* should be constant, or 


Ox 6 =(T,+0,) x 0,2=(T, + ,) x 02=.... 


This relationship is only approximately true, even when the 
angular distance is small, since the true distance (¢) between 


the balls is 2/sin where 


7 is the length of the arm 
carrying the suspended ball. 
Let B, and B, (Fig. 90) 
represent the fixed and sus- 
pended balls respectively. 
The component of F, the 
force of repulsion, tending 


; Cee A 6 
to twist the wire is cos ? 


and the moment of this 


component is F/cos .. This 


Fic. go. 


moment is balanced by the 
torsion in the wire. If K is the moment of the couple required te 
produce a torsion of 1° in the wire,! then, when the torsion is (T; + 4,), 


1K may be called the torsional montent of the wire. 
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0 - 
the equivalent couple will be K(T,+6,). - Hence F/cos> = K(T,+4+ 6,). 
By the Law of Inverse Squares, F xd@?=constant. Hence 
K(T,+9;). 42? sin? /7cosot= constant, 


: (c) 
or K2(T, +4,)4 sin . : tan> =constant. 
Lf 0, 2s small, then 


rae 0 
2sin—=6,=2 tan, 
2 2 


or K/(T, + 6;) 6;2=constant. 
The latter expression coincides with that given above. 


EXAMPLE.—The balls in a Coulomb torsion balance are of equal 
size and initially in contact. A charge is then shared between them, 
and the movable ball comes to rest at an angular distance of 30° from 
the fixed ball. If the ‘torsional moment’ of the wire is 2 dynes for 1°, 
and if the distance of the movable ball from the point of support is 
15 cms., find the charge on each ball. 


Using the same symbols as in the previous paragraph, the force of 


repulsion is g? / 4/7? sin®, and the moment of this round the point of 


support is 97/ cose / 4/2 sint®, 
Hence g7l cos— = /ar sin” =Kx@3 


15 x 2X 30 : 
g=2sinI5 oe pees Gos 15° =15.8 units. 

Definition of Unit Quantity (Electrostatic).—The defini- 
tion of the electrostatic unit of quantity is derived from the law 
of inverse squares. If two small conductors are charged with 
quantities g and g, respectively, and situated at a distance d 
apart, the force F of attraction or repulsion is given by the 
equation F= +9¢,/d"._ If the charges are similar, the force will 
be one of repulsion and will have a Jositive sign ; if the charges 
are opposite, the force will be one of attraction and have a 
negative sign. The above formula is only true if air is the 
medium between the two charges. If any other medium is 


used, of which the specific inductive capacity is K, then 
F= +9¢,/Ka? (p. 182). 
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If g, g, and d@ are each equal to unity, the force will be unity. 
It has been seen that in the C.G.s. system of measurement force 
is measured in dynes, and distance in centimetres. Hence the 
C.G.S. unit of Quantity (electrostatic) is that quantity which in air 
exerts a force of one dyne on an equal quantity situated at a 
distance of one centimetre. 

The close resemblance between the gravitational force of 
attraction of two masses and the mutual actions between two 
electrical charges suggests that the charge on a sphere may 
act on neighbouring charges as though its charge were con- 
centrated at the centre of the sphere (p. 141). 

Superficial Density.—If a charge of Q units is distributed 
uniformly over a surface of A sq. cms., the charge on each sq. 
cm. is Q/A. This ratio is termed the Superficial Density (usually 
denoted by the symbol co). The density of charge on the 
surface of a metal sphere, of radius 7%, is Q/477*. 

Distribution of Electricity on the Surface of Conductors.— 
The superficial density of the charge on any conductor varies 
according to the form of the conductor; it is only uniform in 
the case of a sphere. Since there is no electrical force inside a 
hollow conductor (p. 142), the density varies in the same way as 
the thickness of a hollow shell of the same form would vary if 
adjusted so that there would be no gravitational force at any 
internal point. In the case of an ellipsoid the density at any 
point is proportional to the length of the line drawn from the 
centre and perpendicularly to the tangent at the point; hence, at 
the ends of any axis the density:is proportional to the length of 
the axis. This was proved by Coulomb both mathematically 
and experimentally by means of the Torsion Balance. 

Fig. 91 represents the distribution of charge on the surface of 
conductors of various shapes; the superficial density is repre- 
sented by the distance of the dotted line from the surface of 
the conductor. The distribution may be investigated by touch- 
ing the’ surface tangentially at any point with a proof-plane, 
which acquires the charge on that portion of the surface; a 
measure of the charge is obtained by holding the proof-plane at 
a fixed point above a gold-leaf electroscope and observing the 
amount of the divergence of the leaves. The proof-plane is then 
discharged, and another point of the conductor tested in the 

HLM, E 
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same way. The observations are more satisfactory if a circular 
scale is fixed vertically behind the leaves of the electroscope ; 
the instrument might then be calibrated by imparting to it 
a series of small equal charges and observing the divergence 
of the leaves after the addition of each charge. The charges 
acquired by the proof-plane can be more accurately compared 
if it is made to touch the interior of a hollow conductor placed 


(Cylinder with hbnitapheribat ends) 


(Ellipsoid) 
Fic. 91.—Distribution of Charge on Conductors. 


on the cap of the electroscope, which thus acquires the whole 
charge (p. 157). After observing the divergence, it is necessary 
to discharge the instrument before taking another observation. 

A torsion balance, in which a smad/ proof-plane is substituted 
for the fixed ball, may also be used for this purpose. A small 
permanent charge should be given to the movable ball, and the 
deflections observed when the charged proof-plane is placed at 
the zero of the circular scale. In comparing the density at two 
points, a and 4, the possible errors due to leakage may be 
obviated by taking three observations at equal time intervals, 
the 1st and 3rd observations being for the point a; the mean of 
these will give the density at a, which is simultaneous with the 
observed density at 4. 

The main fact to remember is that the more pointed the body 
the greater is the relative density at the point. .A needle may 
be regarded as an ellipsoid of which one principal axis is very 
long compared with the other; hence the density at the point 
will be extremely high. There is always a maximum limit to 
the density of the charge which can be imparted to a body 
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(p. 144); beyond this limit any additional charge is given off 
either by sparks to surrounding bodies, or the air in contact 
with the surface acquires a portion of the charge and is 
electrically repelled. This action of a point renders it essential 
that all electrical apparatus, except in special cases, should be 
free from points and sharp edges. Further information on the 
action of points is given on page 218. 


SUMMARY 


Fundamental Rules.—(i) Glass rubbed with silk is positively charged. 
(ii) Sealing-wax rubbed with fur or flannel is negatively charged. (iii) 
Bodies with like charges repel, and bodies with unlike charges attract, 
each other. (iv) A charged body always attracts an uncharged body. 

Electrons.—The atom of matter probably consists of an equal number 
of positive and negative corpuscles, called electrons. The negative 
electron is readily separated from ordinary matter, and its properties 
have been fully investigated ; but the positive electron appears to be 
associated always with masses of matter comparable with the masses of 
ordinary atoms. A negatively charged body probably contains an 
excess of negative electrons, and a substance becomes positively charged 
when it is deprived of some negative electrons. The inertia of a negative 
electron is about 1/800 part of that of the hydrogen atom. 

The Gold-leaf Electroscope.—(i) Zhe divergence of the leaves ts 
increased by a similar charge held near to the disc. (ii) The divergence 
is dimintshed by an unlike charge or earth-connected conductor held near 
to the disc. 

Fundamental Facts.—Substances may be ciassified as (i) conductors, 
(ii) partial conductors, and (iii) insulators. “ey 

A charged mass of insulating material is discharged most readily if 
passed through a flame. ; 

Both kinds of electrification are produced in equal quantity. 

Gases may be electrified by chemzcal action, and by the splashing of 
liguzds. 

The Law of Inverse Squares.—7Zhe mutual force between tivo charged 
bodies varies inversely as the square of the distance. ' 

The C.G.S. unit of Quantity (electrostatic) zs chat quantity which 
exerts a force of 1 dyne on an equal quantity sttuated at a distance of 


I centimetre. 
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The Superficial Density of a charge is equal to the guantity of charge 
per unit area. The density is only uniform in the case of a sphere 5 5. 
in other cases the density is greater at points where the curvature is 
greater, e.g. the density is much greater at the apex of a conical con- 
ductor than at any point on the curved surface. 


QUESTIONS ON CHAPTER VII 


1. Describe a method of proving that the force between two small 
electrified bodies varies inversely as the square of the distance between 
them. 

2. Define unit charge of electricity. Two charged conducting spheres 
repel each other with a force equal to the weight of a milligram when 
placed at a certain distance from each other. If the charge on one of 
the spheres is doubled and the distance between the spheres is also 
doubled, what is the amount of the repulsion ? 

3. Two equally charged spheres repel each other when their centres 
are half a metre apart with a force equal to the weight of 6 milligrams. 
What is the charge on each, in electrostatic units ? 

4. Two small spherical pith-balls, each one decigram in weight, are 
suspended from a point by threads 50 cms. long, and are equally 
charged so as to repel each other to a distance of 20cms. Find the 
charge on each in electrostatic units (¢=980). 

5. Define the surface density of any electrical charge. 

If two equal raindrops, charged with equal quantities of electricity of 
the same kind, were united into one large drop without losing any of 
their charge, what would be the ratio of the surface densities of the 
charges before and after union? 

6. What is the average surface density of an insulated sphere 
electrified only by induction ? 

7. Two small spheres A and B charged with equal quantities of 
positive electricity are placed at a distance of 10 cms. apart. Where 
must a third sphere C, charged with twice the quantity on either A or 
B, be placed in order that B may be in equilibrium, (i) when C is 
charged positively, (ii) when C is charged negatively ? 

8. An insulated cubical metal box is charged with electricity. Give 
a general description of the distribution of the charges on its surfaces, 


and state how you would prove the accuracy of your ee 
experimentally. 
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g. Eight equal metal cubes are placed at a distance from each other 
and given equal charges. Without being discharged they are then 
placed on an insulator and built up so as to form a single cube. Com- 
pare the original density at a given point on one of the small cubes with 
the final density at a corresponding point on the large cube. What 
would the result have been if one of the small cubes had been 
accidentally discharged ? 

10. A torsion balance is used to compare the superficial density at 
two points a and 4 of a positively charged conductor. A small positive 
charge is given to the movable ball, and the torsion-head is adjusted 
until the ball is opposite the zero of the scale. A proof-plane was 
brought into contact with the point @ and then placed inside the balance 
and, after repelling the ball, fixed at the zero of the scale. The angular 
deflection was 12°. The proof-plane was removed, discharged, and 
brought into contact with the point 4; after proceeding as before, the 
angular deflection was 15°. What are the relative densities at a and 6? 

11. A magnetised knitting-needle, carrying a small insulated pith-ball 
at one end, is suspended horizontally by a silk fibre ; a second pith-ball 
of the same size is charged and brought into contact with it. Prove 


3 
2 
that the initial charge is proportional to (sin 4) where a is the 


angular deflection of the knitting-needle. 

12. A short ebonite rod, with a small electrified knob at one end, is 
mounted so as to turn freely about its centre in a horizontal plane. In 
a horizontal line with this centre, and at distances from it of a quarter 
and half a metre respectively, are placed insulated balls that are also 
charged. The rod makes ten vibrations in a given time, but makes 
30 vibrations in the same time if the balls are interchanged. Compare 


the charges on the two balls. 


CHAPTER VIII 
THE ELECTRIC FIELD 


An Electric Field of Force.—The phenomena of attraction 
and repulsion observed between charged bodies may be 
attributed either to the mutual actions of electrical charges 
at a distance and guzte independently of the medium between 
the charges, or to a creation of electric force through the 
medium which may be supposed to assume new characteristics 
in the neighbourhood of charged bodies. The latter is the 
more correct view, and the existence of an electric field of 
force is just as true an expression as that of a magnetic field 
of force. 

The space surrounding a charged body may be mapped out 
into a series of lines, the direction of which at any point will 
indicate the direction of the electric force at that point ; such 
lines may be termed Electric Lines of Force. Zhe direction of the 
Jorce acting along any line of force ts arbitrarily chosen as that 
in which a positively charged body will tend to move. Lines of 
force may therefore be supposed to originate from a positively 
charged conductor and to terminate on a negatively charged 
conductor ; also we may assume that equal charges are present 
at the opposite ends of each line of force, and that each unit of 
quantity on a charged conductor is the origin of a definite 
number of lines of force. 

Moreover, all the phenomena of attraction and repulsion may 
be explained if we attribute to electric lines of force the physical 
pfoperties of contraction lengthwise and of mutual repulsion 
sideways (cf. magnetic lines of force). 
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Experimental Method of Mapping Electrostatic Lines of 
Force.—The simple appliance shown in Fig. 92 may be used foi 
determining the direc- 
tions of electric lines 
of force. It consists 
of a piece of thin metal 
wire (5 cms. long) on 
the ends of which are 
threaded two small eee 
gilt pith-balls; the wire 
is suspended horizon- Cork 
tally by a short silk 
fibre which is attached 
to a long silk thread 
stretched between the 
ends of two glass 
rods. 

Expt. 44, i.—Connect 
one terminal of a Wims- 
hurst machine (p. 215) to 
an insulated sphere, and the other terminal to the nearest gas or 
water pipe. Hold the pointer in various positions near to the 
sphere, and observe its direction in each case. The pointer tends 
to make its length coincide with 
the direction of the lines of force 
(Fig. 93). 

Expt. 44, ii.—Place two 
insulated metal spheres about 
50 cms. apart, and charge them 
oppositely by connecting them to 
the poles of a Wimshurst 
machine. Verify the general 
distribution of the lines of force 
as shown in Fig. 94. 

Expt. 44, iti.—Connect the 
two spheres to the same terminal 
v of the Wimshurst machine (the 
Fic. 93.-—Lines of Force due to a Charged other terminal being connected 

Sphere. to the nearest gas-pipe). The 
and the distribution of the lines 


Cork B 


“Silk Fibre 
NS 


ff Glass Tube. 


Fic, 92.—Apparatus for Exploring an Electrostatic 
Field. 


spheres will now have s¢mz/ar charges, 
of force will resemble Fig. 95. 
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An interesting method of mapping electrostatic lines of force has 
been described! by Mr. D. Robertson, in which fine sawdust is used 


Fic. 94.—Lines of Force due to two oppositely Charged Spheres. 
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Fic. 95.—Lines of Force due to two similarly Charged Spheres. 


(in the same manner that iron filings are used in mapping magnetic 
fields).. Fig. 96 represents the method of conducting the experiment. 


1 The Electrical Review, vol. xlvii. No. 1189 (Sept. 7, 1900). 
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A is a glass plate, fixed horizontally, to the under surface of which 
discs of tin-foil are attached. Vertical connecting wires (B, B’) with 
spring tops touch the discs, and 
are supported below on metal 
discs resting on a large sheet of 
glass. Connection is made to 
a Wimshurst machine by the 
wires C and C’. D isa loose 
wire which serves to  short- 
circuit the machine ; it may be 
raised or lowered by means of 
a silk thread attached to one 
end. The sawdust should be 
fine and fibrous; that obtained 
from mahogany with a coarse rasp is recommended. The sawdust is 
sprinkled on the plate, the machine is started, the wire D raised, 
and the glass plate (A) tapped; D is lowered as soon as the saw- 
dust distributes itself along the lines of force. 


Electrostatic Field. 


Diagrams of Electrostatic Fields of Force are drawn by exactly 
the same method as that adopted for diagrams of magnetic 
fields of force (p. 51). This method has been used in Fig. 110, 
which represents the lines of force of the resultant field due to 
two charges of +30 and — Io units. 

Intensity of an Electric Fieid.—The Intensity at any point is 
the force acting on a small insulated conductor placed at the point and 
charged with one unit of positive electrification. From this defini- 
tion, the intensity at a point distant 7 cms. from a charge ¢ is g/7*. 

If the intensity is constant over a small area, taken at any 

_-# point in an electric field and perpendicular 


Boiss to the direction of the intensity, then 
. F Area x Intensity =Total Normal Induction,! 
or goa 
fp If the direction of the intensity (F) is 


not perpendicular to the small area dS, but is inclined at an 
angle 6 to the normal (Fig. 97), then the component of the 
intensity acting along the normal is F cos 6, and 
I=dS x F cos 9=dSxN 
(where N is the normal component of the intensity). 
1 This is sometimes called the Sotel Flux of Force. 
HLM. E2 
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The intensity of a field is not of the same nature as a Force; 
for if g units are placed in a field of intensity F, the force acting 
on the charge is Fg dynes, or F=/force/g. Hence the intensity 
is really @ force divided by a quantity of electricity (Dimen- 
stons, p. 518). 

Tubes of Force.—Imagine an extremely small portion of the 
surface of a positively charged conductor, and suppose that 
a number of lines of force originate from various points on the 
outer edge of this small area. Such a group of lines may consti- 
tute a tube of force—the lines of force forming the sides of the 
tube, and the small conducting areas, where the lines originate 
and terminate, forming the ends of the tube. The path of such 
a tube may be graphically represented by a single line of force 
described along the centre of the tube. The space separating 
two oppositely charged surfaces may thus be divided up into a 
number of separate tubes of force with equal and opposite 
charges at opposite ends of each tube. Jf each tube ts so drawn 
that a unit quantity ts distributed over each end, it may be 
termed a Unit Tube of Force (or “ Faraday” tube). The density 
of the charge on any conductor may be also defined as the 
number of unit tubes of force originating from unit area 
(p. 129). 

The physical properties attributed to lines of force will give to 
such Zzdes of force a tendency to shorten and to exert what may 
be compared to a hydrostatic pressure perpendicularly to the 
sides of the tubes. If two equally and oppositely charged 
conductors are brought near together, the tubes of force will, 
owing to their tension, tend to crowd together in the space 
between the conductors ; if the conductors are actually brought 
into contact, the opposite ends of each tube will travel towards 
the point of contact, where the opposite charges will neutralise 
each other, each tube will thus disappear, and the conductors 
will be discharged. 

If a positively charged conductor is held near to the earth, an 
induced negative charge will be found on the near portions of 
the earth’s surface, the opposite charges being connected by a 
system of tubes of force. If any earth-connected conductor (e.g. 
the finger) is held still nearer to the conductor, the tubes 
shorten, and will now terminate on and near to the finger-tip. 
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On actually touching the conductor, the tubes disappear and 
the conductor is discharged. 


Expt. 45.—(i) Hold a charged electrophorus disc (p. 162) near to the 
walls of the room (Fig. 98). Touch 
with a proof-plane the surface of the 
wall within the shadow of the disc. 
Verify by means of an electroscope that 
the proof-plane is negatively charged. 

(ii) Hold a finger near to a positively 
charged sphere. Touch the finger-tip 
with a proof-plane, and determine the 
charge conveyed away on the proof- 
plane. 


Imagine a positively charged 
conductor to be insulated and 
situated inside a room, the walls 
of which are earth-connected. 
The space between the conductor 
and the walls is filled with tubes 
of force, the negatively charged 
ends of which are distributed over Fic. of 
the boundaries of the room. If 
an uncharged insulated sphere is now placed in the field, it will 
intercept some of the tubes of force (Fig. 99), which thus will 

be broken into two 
parts. The broken 
ends near to ¢ will 
0) tend to slip down to- 


wards the axial line 
d so as to have a 


minimum length, 

and here a negative 

charge will exist; the 

same number of tubes 

will emerge from the 

opposité side of the 

Se sphere, and where a 

positive charge is found. The displacement of these tubes will 
remove the lateral pressure from those tubes passing just out- 
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side the sphere, and these will be bulged downwards but will 
not be broken. If the sphere is now touched by the finger, the 
tubes of force proceeding from @ to the walls of the room dis- 
appear, and the sphere will remain with a negative charge on 
the side c. (Cf. Charging by Induction, p. 124.) 

Insulating media possess the power of supporting the stress 
of these tubes of force to different degrees, and in each there is 
a limit to the amount of stress which can be supported. If the 
tubes of force become too crowded, the medium breaks down 
and the opposite charges neutralise each other, accompanied by 
what is termed a spark discharge. Conductors may be regarded 
as media which are unable to support any electric stress, and 
the ends of tubes of force may therefore travel freely through 
conducting media. 

We may ‘consider that an insulating medium consists of 
minute particles of matter insulated from each other, and acted 
upon inductively by any electric force. A very thin section 
across any tube of force will then consist of many particles side- 
by-side, with opposite sides of the section charged oppositely ; 
we might say that the particles are polarized, or that an electric 
displacement has been created in each particle. The effect of 
the charge on either face of the section will be neutralised by 
the equal charge on the contiguous face of the neighbouring 
section ; the only sections of the dielectric which will exhibit 
free charges will be where the tube of force terminates, z.e. on 
the surfaces of the charged conductors. In this manner we 
may regard the insulating medium as the real seat of the 
electric phenomena, while conductors merely serve as origins 
or terminations of the tubes of force. 

Gauss’s Theorem.—Let a small body, charged with +g 
/B units, be situated at 
O (Fig. 100), and let 
F AB be a small por- 
4.. tion of .a closed sur- 
: face which completely 
te) 2 A surrounds O. The 

FIG. 100. i F 
induction through AB 


will be along OF, and inclined at an angle @ to the normal 
of AB. 


eae ee 
eee 
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If AB’ is a surface drawn perpendicular to OF, then 
AB’=ABcos@. Also, if ad is the sold angle of the surface 
AB, then AB’=aé x OA? 


Hence. the normal induction through AB is equal to 


area ABx F cos 
=area AB’xg/OA? 
=abx q. 

The total normal induction through the whole surface, of 
which AB is a part, will be 2 (area ad)xg=gxsurface of a 
sphere of unit radius=g x 4z. 

Hence, the total normal induction over a closed surface is equal 
to 47 times the charge inside the surface. 

In any Tube of Force the Intensity is inversely as the cross-section 
taken at right angles to the tube.—Let S and S’ (Fig. 101) represent 
sections across a tube of force. Since the 
curved sides of the tube are formed by the 
lines of force there will be no induction 
normal to these sides. At the end S, the 
normal induction is FS zzwards; at the F’ 
end S’ it is F’S’ outwards. Hence the total 
normal induction through the surface of the 
tube is F’‘S’- FS. But there is no charge inside the tube ; hence 


F's’ —FS=0; 
or ESS 
This is quite analogous to the flow of water along a pipe of varying 


diameter, the velocity of the water being comparable to the intensity of 
the electric force. 


A Charged Sphere acts on External Points as though 
mS the Whole Charge were Concentrated at 
ah the Centre.—In Fig. 102 A represents a 
“small sphere with its centre at O, and 
» \ charged with +g units. Consider its action 
at R, where the normal Intensity is F. 
Through R describe a sphere surround- 
ing A. The total normal Induction over 
the surface of the large sphere 


=F xarea of sphere=F x 47OR?*. 
But, by Gauss’s Theorem, the total Induction= 47g. 


Fic. tor. 


Fic. 102. 
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Hence F x 4rOR?=479, 
ee 
or i OR 


In words, the electrical conditions outside a charged sphere 
are the same as though the charge were concentrated at the 
centre. 

The Intensity inside a Hollow Charged Conductor is 
Zero.—Charges of opposite sign - are 
always found at opposite ends of a line of 
force; hence, in the case of a hollow con- 
ductor charged only on the surface, no line 
of force can exist within the conductor (as 
suggested in Fig. 103). The consequent 

Fic. 103. absence of an electric field of force within 
the conductor results in the internal intensity being zero. 

Coulomb’s Theorem.—Consider the tube of force originating 
from a small area S (Fig. 104) on the surface of a conductor, 
which is charged so as to have a surface 
density o. Imagine the tube extended a 
very short distance within the conductor, 
and that two sections @S and dS’ are 
drawn perpendicularly to the sides of the 
tube (the former near to the outer surface, 
and the latter near to the inner surface), 
thus constituting a cylinder which is very 
wide in comparison with its length. The normal induction 
through the sides and through the end dS’ is zero; hence the 
only induction through the boundaries of the cylinder is FdS 
through the end dS. But, by Gauss’s Theorem, the total 
induction = 47 x So= 470 x dS (approximately). 

Hence FdS=ame x dS, 

or F=470. 

In words, the intensity of the field near to the surface of a charged 
conductor is equal to 47 times the surface density of the charge. 

In the case of a sphere the same result may be obtained more 
simply. For, since the charge acts as though concentrated at 
the centre, the intensity, at a distance 7, is Q/7*. But if the 
point is very near to the surface of a sphere, then 7 is approxi- 
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mately the radius of the sphere, and Q=47r%0. Hence, the 
intensity =477°0/7?=470. 


The number of Faraday tubes passing through unit area drawn: 
perpendicularly to the direction of the Force is 7 —Fig. 105 re- 
presents a bundle of Faraday tubes originating from a charged sphere. 
S’ is a cross-section drawn per- 
pendicularly to the direction of F’. 
By Gauss’s Theorem, F’S’—FS=0, 
or F’S’=FS. But, by Couiomb’s 
Theorem, F=47c. Hence 

F’S’=47¢S. 

But oS is the quantity of charge 
on the surface S, and therefore 
equal to the number (N) of Faraday 
tubes originating from the area S 
and passing through S’. Hence F’S’=47rN. If S’=1 sq. cm., then 
F’=4rN, or N=F’/4r. 

Electrostatic Pressure.—Fig. 106 represents a charged con- 
ductor; P and Q are two points infinitely near to the outer and 

inner surfaces respectively, of the small area 
ils aS of the conductor. 

The intensity (F) at the point P is due 
partly to the charge on dS and partly to the 
charge on the remainder of the conductor ; 
if these components are 7 and /’, then 

Fic. 106. F=f+f'=4re. 

At the point Q, the component / due to dS will have changed sign 
and become —/, since its direction is reversed; but the other component 
f’ will be the same as at P. Also the total intensity at Q is zero, since 
the point is within a closed conductor. Hence 


-f+f'=90 
or fof’ =E=2n0. 


Fic. 105. 


We may regard the area dS as being disconnected from the con- 
ductor and situated in the field due to the charge on the remainder of 
the conductor, the intensity of this field being /’. The mechanical 
force acting on dS will be equal to the product of the charge on dS and 
the intensity of the field in which it is situated, or 

Force=odS xf’ =cdS x 200 =27074S, 
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In order to find the Force per unit area, put @S=1, then 
- 
n° 

When the air surrounding a charged conductor is at normal pressure 
(76 cms. of mercury) the maximum value of F is about 100; if the 
intensity is increased above this value any additional charge escapes 
into the surrounding air. The corresponding maximum value for the 
electrostatic pressure is 10*/8m dynes. 

Energy of an Electrostatic Field.—Since the force acting on 
unit area of a charged surface is F*/8mr dynes, the work required in 
order to move unit area in the opposite direction to F and so that the 
tubes of force are lengthened by an amount dx is equal to F?. dx/8r 
ergs, and the increase in the volume of the field is dx cubic centimetre. 
The work done is stored up in that volume of the field described by 
the movement of the surface. Hence, the energy stored up in unit 


volume of a field, at a part where the intensity ts F, is equal to 
2 
oe / dx =F ?/8m ergs. In the case of a dielectric of specific induc- 


Force! (per unit area) =of’ =2707= 


tive capacity K the energy per cubic centimetre of the dielectric is 
F?K/87 ergs. 


EXAMPLE.—An insulated sphere (5 cms. radius) is charged to a 
potential of 500 electrostatic units. Calculate the electrostatic pressure 


per sq. cm., and compare this with the normal pressure of the 
atmosphere. 


Ppitajeco 
Density baer 2 
But the capacity C of a sphere is equal to its radius 7 (p. 169); and 
Q=CV (p. 168). 


Hence c= Mg wae wax 


qr 4ur 207 


2 
Pressure (per sq. cm.)=270?= a ace ee dynes. 
Tv 


The normal pressure of the atmosphere is the a of a column of 
mercury 76 cms, long and I sq. cm. cross-section, and is equal to 
(76 x 13.6 x 981) =(1.01 x 10°) dynes per sq. cm. 
Electrostatic Pressure _ 1250 I 
Atmospheric Pressure x 1.01 x 10° SI1x7™ 


1 If the conductor is surrounded by a dielectric of specific inductive capacity K, 
the force per unit area is KF2/8m. 
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Tension along a Tube of Force.—From previous section each 
unit area experiences a force equal to 27e? dynes. But the number of 
tubes of force originating from unit area is equal to the density of the 


charge. Hence the tension along each tube is 2ro%/o=2ne=* dynes. 
2 


In words, the tension due to one tube of foree is equal to one-half the 
entensity of the field at that point. 


ELECTRIC POTENTIAL 


Introductory.—If two insulated uncharged conductors (A 
and B) of the same material are brought into contact there will 
be no electrical re-distribution. If A is positively charged and 
B uncharged, then, on bringing them into contact, a portion of 
A’s charge will be transferred to B. If A and B are both 
charged, there are three possible results on bringing them into 
contact : (i) a portion of A’s charge may be transferred to B; 
(ii) the charges may remain unaltered ; or (iii) a portion of B’s 
charge may be transferred to A. The condition which determines 
the transference of charges between conductors is termed Electric 
Potential. Also, if a portion of the charge on a positively charged 
conductor A is transferred to a conductor B, when contact is made, 
then A is said to have a higher electric potential than B. 

Potential, in electrical phenomena, is comparable to Zempera- 
ture in heat phenomena, since the transference of heat from one 
body to another is determined by any temperature-differences 
which may exist. Again, potential may be compared with /eve/ 
in hydrostatic phenomena, since the flow of liquid from one 
point to another is the consequence of any difference of level 
which may exist. 

It is impossible to determine the aéso/uée potential of any 
conductor, but differences of potential can readily be measured. 
The potential of the earth is always taken as the zero of 
potential ; the earth may be regarded as having a constant 
potential, since its dimensions are so great that no charges of 
experimental magnitude would produce an appreciable change 
of potential. 

The tendency of an electric charge on a conductor to be trans- 
ferred to conductors at a lower potential may also be realised 


HM. 
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by considering the forces due to the charge, which would act 
upon a small positively charged sphere which is free to move, 
and is situated in the immediate neighbourhood. If the con- 
ductor is positively charged, a force of repulsion would act upon 
the small sphere, and work would be done by the electric force 
in moving the sphere to a greater distance; the force would only 
become zero at an infinite distance. Similarly, work would 
have to be done by external agencies upon the small sphere in 
order to convey it from an infinite distance towards the charged 
conductor, and the amount of work required would be a measure 
of the potential at the final position of the sphere. In this 
manner we derive the following definitions : 

(i) The potential at any point near to a positively charged con- 
ductor is equal to the work (in ergs) which is required in order to 
convey a unit of positive electricity up to the point from an infinite 
distance. If the charge is negative, the potential is measured 
by the work necessary to convey the unit charge from the 
point Zo an infinite distance away; in this case the potential 
is negative. 

(ii) The difference of potential between two points is equal to 
the work, in ergs, done by the electrical forces when one unit of 
positive electricity is transferred from the point of higher potential 
to that of lower potential. Hence, the potentials of two points 
differ by unity when one erg of work is done in transferring one 
unit quantity of electricity from one point to the other. 

The work done is independent of the path traversed. For, let 
A and B (Fig. 107) represent two points, the potentials of which 

are V, and V,; and assume that a 
a charge Q may be conveyed along either 
of the paths a or 4. It follows, from the 


A BY law of the conservation of energy, that 
b the amount of work done will be the 
Fic. 107. same, whichever path is _ traversed. 


For, suppose that W ergs are done 
in transferring the charge along the path a, and that (W + w) 
ergs are done if the path 6 is traversed. If the charge 
traverses the path 4, and is conveyed back to A along the 
path a, then (W + w) ergs are done by the electric forces, 
and W ergs are done against the electric forces; hence the 
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charge returns to A with an increase of energy represented by 
w ergs, while no permanent electrical change has taken place. 
If this were possible any quantity of energy might thus be 
accumulated, which is contrary to the principle of the conserva- 
tion of energy. Hence, the work done is independent of the 
path traversed. 

The Potential Slope.—If P and Q are two points, having 
potentials V, and V,, and so near together that the intensity 
F is practically constant along the line joining the points, and 
if @ is the distance between the points, the work W done by 
the electric forces in moving a unit of positive electricity from 
P to Q is equal to Fd. But, by definition, W is also equal to 
Ve—Ve Hence Fd=Vp—Vo, or F=(Vp—V.)/d. Expressed 
in words, the intensity is equal to the rate at which the potential 
diminishes per unit distance. If the rate of fall of potential in 
any field is uniform, then the intensity is uniform at all points. 
Moreover, if the intensity is uniform, then, since FS=F’S’ (by 
Gauss’s theorem), the tubes of force of- the field will be of 
constant cross-section, and the lines of force constituting the 
tubes will be strictly parallel to each other. The ratio 
(Vp— VQ)/d may be termed the Aotential slope. 


If dV is the small potential difference between two points separated 
by a small distance ds, then F=@V/ds; or, electrostatic force may be 
defined as the differential coefficient of potential with respect to space. 


The Potential at any point, distant ~ cms. from a charge 


so Z ee ee eee igh Ge Zee 
+9, 18 y —Let a small con 5 ree + 
ductor, charged with +¢ PRs 


units, be situated at O : ‘ 
(Fig. 108), and let 7, ~j etc., be points distant 7, 7, etc., cms. 
from O. ao 
The force acting on one unit of positive electricity at 7= g|*. 
” ” ” ” ” ” r=9/r?. 
The average force, between ¢ and 7;=9/77,.* 
The work done in moving one unit, from j 
“a 
r 


gq 
r to Rea ae ry= re 


*CE Dp. 54- 
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The work done in moving one unit, from 


GS a? SAY’ 
7, to 1a oi ae a 


72 
ee 
Fa tOlae— Yn —Tni)= —24. 
” ” 9 7 e-1 n cr n ne ) Yn Tn 
The otal work done in moving one unit, from 7 to ~, 
ee 
Tt, Fie 


But the total work is also equal to the potential difference 
(V—V,) between the points yand7,. Hence 


If 7, is at an infinite distance, ~=0, and V,,=0, therefore 


n 


ved 
. 


Equipotential Surfaces.—No work is required in order to 
move a charged conductor perpendicularly to the lines of force 
at the point where it is situated ; hence, an equipotential surface 
is at all points perpendicular to the direction of the lines of force 
passing through it. 

In the case of a single eueeed situated at a point, the equi- 
potential surfaces will be spheres described round the point as 
centre ; for, on any surface, the ratio of g/r is constant, and 
therefore 7 is constant. The equipotential surfaces surrounding 
a charge of 4.35 units are represented in Fig. 42 (p. 56), which 
applies equally to magnetic and to electric fields of force. 

The surface itself of any charged insulated conductor must 
also be an equipotential surface. For, if there is any potential 
difference between two points on the surface there will be a 
transference of electricity until the potential is the same at both 
points. It follows, therefore, that the lines of force, where they 
originate, or terminate at the surface of any conductor, must 
be perpendicular to the surface, 


Expr. 46.—Charge the insulated cylinder (Fig. 109). Connect the 
disc of a proof-plane to the disc of a gold-leaf electroscope. Holding 
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the proof-plane by its insulating handle, bring it into contact with the 
cylinder. Move the proof-plane to various parts of the surface, and 
note that the divergence of the leaves is constant. 


\ \ 


Fic. 109. 


The potential V at any point, due to several charges 9, go, 
etc., situated at distances 74, 7, etc., from the point, will be the 
algebraic sum of the potentials due to each charge, or 

VaO 424 
Ln) he: 

The equipotential surfaces due to two charges, g and 4g, are 
obtained by drawing the series of surfaces due to each charge 
separately ; a series of points are found which have the same 
resultant potential, and a line drawn through such points traces 
out an equipotential surface. The surfaces due to two equal 
and opposite charges will be identical with the surfaces repre- 
sented in Fig. 43 (p. 57). In Fig. 110 the continuous lines 
indicate the lines of force, and the dotted lines indicate the 
surfaces of equal potential, due to two charges (+30 and — Io) 
situated at points 10 cms. apart. (The diagram is drawn to a 
scale of 7%.) 

The Potential inside a charged hollow Conductor is uniform 
and equal to that of the Conductor.—Imagine an equipoten- 
tial surface drawn inside the conductor and close to its inner 
surface, the potential of points on the surface not being the 
same as that of the conductor itself. Work would be done 
in conveying a unit charge from one surface to the other. A 
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definite intensity would therefore exist between the surfaces 
(since Fd=V,—V,). But it has been shown (p. 142) that the 
intensity inside a charged hollow conductor is zero. _ Hence 
V,-V,=0; and the same applies to all points inside the 


Fic. 110,—Lines of Force and of Equipotential due to two Charges of 
+30 and —10 units. 


conductor. Dzfferences of potential can only be created inside 
a hollow conductor by introducing within it another insulated 
charged conductor. The same result may be expressed thus: 
No lines of force can exist within a hollow conductor unless this 
also surrounds other charged conductors. 

The Charge on a Conductor is distributed entirely on the 
Outer Surface.—This result follows from the fact that since 
there are no lines of force within a hollow conductor there can 
be no charge on an inner surface. It was first proved experi- 
mentally by Biot, who found that the charge on a sphere was 
entirely removed by covering the surface with two thin hemi- 
spherical brass shells, each supported on an insulating handle. 


Expt. 47.—Charge an insulated tin by means of an electrophorus, 
Touch the outside with a proof-plane, and verify the charge with a gold- 
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leaf electroscope. Discharge the proof plane, touch the zzzs¢de of the 
tin, and verify the absence of any charge. 


Faraday obtained the same result by means of a butterfly net, 
which could be turned inside-out by means of a silk thread. 
The charge was always found on the outside. 

Verification of the Law of Inverse Squares.—It may be 
proved theoretically that, if electric forces obey the Inverse 
Square law, the electric intensity within a charged conductor 
must be zero ; and it was proved experimentally by Cavendish, 
about 1785, that the law cannot differ from that of the Inverse 
Square by more than ~,th part. 

In Fig. 111 (i) let P be any point within a conductor charged 
uniformly with +ve electricity. With P as common apex two 
very narrow cones are drawn which terminate on the surface 
ot the conductor. Since each cone is very narrow we may 
assume that all points of each base are equidistant from P. 
If g and Q are the respective charges on the areas at a and A, 
the intensity at P, due to the charge g, is g/(Pa)? and in the 
direction PA; also the intensity at P, due to the charge Q 
is Q/(PA)’, and in the direction Pa. The ratio of these forces is 


@ Fic. 111. (ii) 


g(PA)?/Q(Pa). But g/Q=(area at a)/(area at A)=(Pa)?/(PA)*. 
Hence the ratio is equal to unity, and the electric intensity at P 
is zero. The same result follows for each pair of cones into 
which: the entire surface may be divided; and the resultant 
intensity at P due to the whole charge must be zero. If, in the 
law, the power of the distance is less than 2, the electric intensity 
at P will be directed from the centre outwards ; on the other 
hand, if the power is greater than 2, the electric intensity at P 
will be directed from P towards the centre. 
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In his experimental verification of the inverse square law, 
Cavendish used a form of apparatus indicated in Fig. 111 (ii). 
A large conducting sphere, supported by an insulating handle, 
was surrounded by two concentric hemispheres of conducting 
material. A short wire, with silk thread attached, passed loosely 
through one of the hemispheres so as to make electric contact 
between the inner and outer spherical surfaces. An electric 
charge was given to the hemispheres, the wire withdrawn by 
means of the silk thread, and the hemispheres removed. 
Assuming that the outer sphere was charged +ly; if the 
power of the distance were less than 2, the inner sphere would 
have been left with a —ve charge, and if the power were 
greater than 2,a +ve charge would have remained. On testing 
the sphere by means of a pair of pith-balls, it was found that 
no appreciable charge remained on its surface. 

In 1870 Maxwell repeated the above experiment, using a 
quadrant electrometer instead of pith-balls. The greater 
sensitiveness of the electrometer demonstrated that, in the law 
of electric force, the extreme limits of the power of the distance 
are 2 +srbov- 


SUMMARY 


Electrostatic Lines of Ferce.—The direction of the force is arbitrarily 
chosen as that.in which a positively charged body will tend to move. 

The Intensity at any point of an electrostatic field is the force acting 
on a small conductor placed at the point and having a charge of +1. 
If the intensity is constant over a small area, the product zzfenmszty x 
avea is termed the Total Normal Induction or Total Flux of Force. 

A tube of force is the space enclosed by a group of lines of force 
which constitute the sides of the tube of force. A zit tube of force has 
unit quantity of electricity distributed over each end. 

Gauss’s Theorem.—7ke total normal induction over a closed surface 
2s equal to 4m times the charge inside the surface, or 1=4rgq. 

The intensity at external points due to a charged sphere is the same 
as though the charge were concentrated at the centre. The intensity 
inside a hollow charged conductor is zero. The intensity 7ear to the 
surface of a hollow conductor is equal to 47 times the surface density of 
the charge (Coulomb’s Theorem). 

The number of unit tubes of force passing through unit area drawn 
perpendicularly to the direction of the force is F/4z. 


* 
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The Electrostatic Pressure, or mechanical force per unit area of a 
charged surface, surrounded by air, is equal to 270? or to F?/87. 

The zemston along any tube of force is equal to F/2. 

The Electrostatic Potential at any point zs egual to the work, in ergs, 
required tn order to convey a unit of positive electricity from an infinite 
distance up to the point. 

The difference of potential between two points is equal to the work 
done by the electrical forces in transferring a unit of positive electricity 
from the point of higher potential to the point of lower potential. Zhe 
work done ts independent of the path traversed. 

The fall of potential per unit distance ts equal to the intensity of the 


field. 


The potential at any point, distant r cms. from a charge+q, a+. 


The potential inside a charged hollow conductor is uniform and equal 


to that of the conductor. 
The charge on a conductor is distributed entirely on the outer surface 


QUESTIONS ON CHAPTER VIII 


1. Two small insulated conductors unequally and oppositely electri- 
fied, are near each other. Show by a diagram the general course of the 
lines of force in the field, and give general reasons for the shape which 
you give to any one of the curved lines you draw. 

2. Draw carefully the lines of force due to charges 1 and —2 placed 
at a distance of I cm. apart. 

3. Calculate from the data of Question 2, (a) the position of the point 
at which the force is zero; (4) the position of the points on the line 
joining the centres of the charged conductors at which the potential is 
zero. 

4. Draw the lines of force and the equipotential surfaces due to 
charges +100 and +200 units, contained on two small spheres placed 
I metre apart. Calculate the position of the point at which the force is 
zero, and also the position of the points on the line joining the centres 
of the spheres at which the potential is zero. 

5. Inside a hollow spherical conductor are placed two small spheres, 
insulated from each other and from the outer vessel, the one charged 
with positive and the other with a smaller charge of negative electricity. 
Draw a picture showing the distribution of the lines of electric force 
outside the conductor. 
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6. An insulated uncharged metal sphere is placed at a certain distance 
from another precisely similar but charged sphere. If the two spheres 
be connected by a fine wire, will (1) the quantity of electricity which 
passes, (2) the energy of the discharge, be affected by the distance 
between the spheres at the moment when the discharge takes place ? 

7, Explain the term electric potential. If 100 units of work must be 
done in order to move an electric charge equal to 4 from a place where 
the potential is — 10 to another place where the potential is V, what is 
the value of V? 

8. Find the strength of the electric field at a point just outside an 
isolated sphere of 10 cms. radius charged with Io electrostatic units. 

g. An insulated conductor, placed at some distance from other con- 
ductors, receives a charge of positive electricity. Is its potential altered 
when another conductor, uninsulated and uncharged, is brought near to 
it? Give reasons for your answer. 

to. A hollow metal vessel is insulated and charged to potential 
V, and the following operations are successively performed: (1) an 
insulated metal ball is lowered into the jar without touching it, (2) the 
ball is momentarily earthed, (3) the jar is momentarily earthed, and 
(4) the ball is removed to a distance. State the changes of potential of 
the jar and the ball at each stage. 

11. Charges of +5 units each are placed at the corners of a square 
the side of which is 10 cms. Find (i) the potential at the point of 
intersection of the diagonals, and (ii) how much work is required to 
convey a charge of +5 units from the middle of either side to the 
intersection of the diagonals. 

12. Charges I, 2, 3, and —4 units are placed at the corners of a square 
taken in order. If the length of each side is 2 cms., find the potential 
at the middle point of the side joining 1 and 2. 

13. The charge and the potential of an isolated sphere are each 
numerically equal to 10. Draw as correctly as you can the equi- 
potential surfaces for potentials 2, 4, 6, 8. 

14. An egg-shaped conductor having been electrified, its middle part 
is touched by a proof-plane, which is then held near the knob of a gold- 
leaf electroscope. The knob having been momentarily connected to 
earth the proof-plane is removed, and, after touching an end of the 
conductor, is replaced in its position near the electroscope. Describe 
and explain the effect on the leaves, and state what would happen had 
the conductor been touched first at the end and then at the middle. 

15. How much energy is expended in carrying a charge of 50 units of 
electricity from a place where the potential is 20 to another where it is 
30? What is meant by saying that the potential of a conductor is 20? 
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16. An insulated ice-pail and an insulated brass ball are both charged 
with positive electricity at a distance from each other, the pail to a high 
potential, the ball to a low potential. 

The ball is then brought near to the pail and lowered into it, without 
touching it, until the bottom is reached. After contact the ball is 
entirely removed. Describe the changes in the potential both of ball 
and pail (1) before contact, (2) on contact, (3) after removal. 

17. A positively charged conductor is brought near an insulated 
uncharged brass ball. Is the potential of the ball altered thereby? 
Would this alteration (if any) be modified by the ball having a needle 
sticking out of its surface, and would any such modification depend on 
the position of the needle? 

18. A brass ball charged with positive electricity is supported inside 
a hollow metal sphere. How will the distribution of the induced 
charges of the inside and outside of the sphere be modified when the 
ball is moved from the centre of the sphere to a point close to the 
surface? Illustrate your answer by drawing the lines of force in the two 
cases. 

19. An electrified body is brought into the neighbourhood of (a) an 
insulated conductor, (4) an earth connected conductor. Describe 
exactly the effect on the potentials of the electrified body and of the 
unelectrified conductors in each case. 

20. Give what is in your opinion the best proof that the force between 
point charges of electricity varies inversely as the square of the distance 
between them. 

21. What is the maximum potential, in electrostatic units, to which 
spherical conductors of I cm. and 0,1 cm. radius can be charged when 
surrounded by air at normal pressure ? 

22. A small pith ball weighing one decigramme suspended by a 
silk fibre and charged with positive electricity is repelled when a 
charged glass rod is brought near it. If the direction of the electric 
field of the glass rod near the ball is horizontal and its magnitude equal 
to 20 C.G.S. electrostatic units, when the deflection of the fibre is 45°, 
what is the charge on the ball ? 


CHAPTER IX 
ELECTROSTATIC INDUCTION 


The Total Induced Charges are equal to the Inducing 
Charge.—The equality of the induced and the inducing charges 
was first experimentally proved by Faraday by means of a metal 
ice-pail; the following experiment is therefore frequently 
referred to as Paraday’s Ice-pail Experiment 


Fic. rr2.—Faraday’s Ice-pail Experiment. 


.Expt. 48.—Introduce a positively charged sphere, supported by 
an insulating handle, into an insulated hollow vessel (Fig. 112) 


ELECTROSTATIC INDUCTION 157 


connected to the disc of an electroscope. and note the divergence of 
the leaves. Momentarily touch the vessel with the finger ; the leaves 
collapse. Allow the sphere to touch the inside of the vessel; the 
leaves still show no divergence. Remove the sphere, and observe that 
it is completely discharged. Repeat the experiment, but omit to touch 
the vessel with the finger, and note that the divergence remains con- 
stant and that the sphere is completely discharged. 


Practically all the tubes of force originating from the charged 
sphere are intercepted by the vessel; a negative charge is 
induced on the inside of the vessel, and a positive charge on 
the outside (including the electroscope). When the vessel is 
touched momentarily, the tubes proceeding from the outside of 
the vessel vanish. When the sphere touches the inside of the 
vessel, the fact that the leaves remain undiverged proves that 
the negative charge induced on the inside of the vessel exactly 
neutralises the positive charge on the sphere. In the second 
part of the experiment, the divergence of the leaves due to the 
induced positive charge on the outside of the vessel remains the 
same even when the sphere’s charge has been entirely trans- 
ferred to the vessel by making contact, which proves that the 
induced positive charge is equal to the inducing positive charge 
on the sphere. 

A charge is transferred completely from one conductor to 
another if the latter is hollow and capable of containing the 
former; only a portion of the charge is transferred if contact 
is made between the outer surfaces. 

Charging a Conductor by Induction——The method of 
charging a conductor by 
induction has previously oe 
been described (p. 124). 
The observed results may 
be explained either by the 
characteristic properties 
of lines of force, or by 
the electrical effects pro- 
duced by potential differ- 
ences in any field of force. 
Thus, the conductor AB (Fig. 113) intercepts some of the lines 
of force proceeding from the positively charged glass rod, 


Fig. 113. 
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creating a negative charge at A, and a positive charge at B, 
while many of the lines of force proceed to the walls of the 
room without interruption. On touching AB with the finger, 
the lines of force between B and the walls of the room vanish 
(Fig. 114), and many lines of force which previously passed 
direct to the walls of the room 
now find their equivalent nega- 
tive charge by traversing the 
shorter distance to the end A 
of the earth-connected conduc- 
tor. We consequently find that 
rather more lines of force now 
terminate on the end A than 
was the case before connecting to earth, and the negative 
charge at A is therefore slightly increased. When the 
charged glass rod is removed toa distance, the lines of force 
terminating at A are distributed 


Fic. 114. 


uniformly over the conductor _ cast if 

(Fig. 115). al see ie 
On the other hand, we may en re 

regard AB as being in a field of = S 

positive potential, and that A is ai Seg: 


in a region of higher potential 
than B, with the result that posi- 
tive electricity flows from A to 
B until the potential of the conductor is uniform. When AB 
is touched its potential is reduced to zevo, so that no lines 
of force pass from the conductor to the walls of the room. 
The zero potential of the end A is the resultant of its positive 
potential due to the charged glass rod and of its négative 
potential due ‘to its own negative charge. When the glass 
rod is removed, the negative charge accumulated at the end 
_ A spreads over the entire surface and gives to the cylinder a 
negative potential. 
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Expt. 49.—Charge an insulated conductor positively by induc- 
tion, by using a negatively charged sealing-wax rod instead of a 
positively charged glass rod (Fig. 116). Prove that the charges are, 


at each stage, of opposite sign to those obtained when a glass rod 
was used. 
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As before, the phenomena observed may be explained by considering 
either the lines of force or the potential differences. 


Fic. 116.—The Process of Charging a Conductor Positively by Induction. 


Theory of the Gold-Leaf Electroscope.—The theory of the 
process of charging a gold-leaf electroscope by induction is 
identical with that described in the previous section. Fig. 117 
represents the electroscope under different electrical conditions ; 
ABCD represents the tin-foil strips and base, which are earth- 
connected, and therefore at zero potential. The observations 
can be explained in terms of potential with the aid of the 
potential diagrams drawn to the right of each figure. The 
vertical dotted line is the line of zero potential ; positive and 
negative potentials are represented by horizontal lines drawn to 
the right and left respectively of the zero line. The thick con- 
tinuous lines represent the changes in potential along the line 
of the electroscope’s axis. Strictly, the lines showing changes 
of potential through the intervening air spaces should be hyper- 
bolic curves instead of straight lines (cf. Fig. 42, p. 56). 


Expt. 50.—Hold a negatively charged rod of sealing-wax over the 
disc of an electroscope (Fig. 117, i). _Momentarily touch the disc 
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(Fig. 117, ii), and remove the sealing-wax to a distance (Fig. 117, ii). 
The instrument is now positively charged. 

Lines of force proceeding towards the charged sealing-wax 
are intercepted by the insulated portion of the electroscope. 
The leaves diverge owing to the stress of the lines of force 
passing from the tin-foil strips to the leaves ; on touching the 
disc these lines vanish, and the leaves collapse. But the lines 
of force between the disc and the sealing-wax remain, and, when 
the sealing-wax is removed, spread over the entire conductor, 
and cause the leaves to again diverge. 

The potential changes are as follows: The electroscope is 
originally in a field of negative potential, and the disc is at a 
point of lower potential than the leaves ; consequently a flow of 
electricity takes place to equalise the potential, a positive charge 
is found on the disc and a negative charge on the leaves. The 
potential-difference between ABCD and the leaves necessitates 
the presence of lines of force, and the leaves are pulled apart. 
On touching the disc, the potential is raised to zero, and the 
leaves collapse since they are at the same potential as ABCD. 
The zero potential of the electroscope is the resultant of its 
negative potential due to the wax and its positive potential due 
to its own positive charge. On removing the sealing-wax, the 
positive charge is distributed over the entire conductor, giving 
to it a positive potential, with a consequent divergence of the 
leaves. 


Expt. 51.—Hold a positively charged glass rod over the disc of a 
positively charged electroscope (Fig. 117, iv), and note the zxcreased 
divergence. Hold a negatively charged body some distance away from 
the disc (Fig. 117, v), and note the dzmznished divergence; gradually 
bring the charged body nearer, and note that the leaves slowly collapse 
(Fig. 117, vi); bring the charged body still nearer, and note that the 
leaves again diverge (Fig. 117, vii). Hold the hand over the disc, and 
note the diminished divergence (Fig. 117, viii). 


In Fig. iv the potential of the instrument is zacreased owing 
to the proximity of the positively charged body. In Fig. v its 
potential is slightly ~educed; in Fig. vi it is zero; in Fig. vii it 
is negative; in Fig. viii it is slightly xeduced by the negative 
charge induced on the lower surface of the hand. Note that tne 
hand and an oppositely charged ‘body have the same effect. 
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GOLD-LEAF ELECTROSCOPE 


Fic. 117.—A Gold-leaf Electroscope under various electrical conditions. 
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Expt. 52.—Repeat Expt. 50, using a positively charged glass rod 
instead of the sealing-wax. The electroscope will then be charged 
negatively. Note that the divergence is now increased by a negatively 
charged body, and diminished by a fosztzvely charged body and also by 
the hand. 


The various steps in this experiment may be explained in a 
manner similar to that adopted for Expt. 50. The rules for 
using a gold-leaf electroscope, as deduced from these observa- 
tions, are previously given (p. 123). 

It is important to remember that the leaves only diverge when 
a potential difference exists between the leaves and the tin-foil 
strips. 


EXPT. 53.—Place the electroscope on an insulating stand. Connect 
the disc to the tin-foil strips by means of a thin wire. Hold a strongly 
charged body near to the disc, and note that the leaves do not diverge. 


Changes in divergence are more accurately observed if a 
portion of a circular paper scale is fixed to a vertical rod of 
sealing-wax just behind the leaves. With this modification the 
instrument may be used for rough quantitative measurements. 

The Condensing Electroscope.—The power of a gold-leaf 
electroscope to detect extremely small differences of potential is 
increased by connecting the leaves to the insulated plate of a 
simple plate condenser (p. 170) ; such an arrangement is known 
as a condensing electroscofe. One form of the instrument is 
shown in Fig. 159, and the method of using it is described on 
Pp. 237- 

The Electrophorus.—This instrument consists of a shallow 
circular metal vessel filled with sealing-wax or shellac, and 
a metal disc of about the same diameter with an insulating 
handle. The sealing-wax is charged negatively by flicking with 
fur ; the metal disc is held over the surface, and is acted upon 
inductively (Fig. 118, i). In actual practice the disc is laid on 
the charged surface. The contact is far from perfect, therefore 
but few points of the shellac are discharged on touching the disc. 
Also, the strain of thelines of force passing between the table 
and the charged surface tends to draw the charge within the 
shellac, thus preventing its discharge. On touching the disc, 
the lines of force entering the upper surface vanish (Fig. 118, ii); 
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— 


when removed to a distance the disc is positively charged 
(Fig. 118, iv). The exergy which becomes evident when a spark 
is obtained between the charged disc and an earth-connected 
conductor originates from the mechanical work done in stretch- 
ing the lines of force when the metal disc is raised. 
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Fic. 118.—The Principle of the Electrophorus. 


Electrical Screening.—When a charged insulated conductor 


is surrounded by an earth-connected conductor, the lines of 
to the space between the two conductors ; 


force are restricted 
ll points outside its 


the earth-connected conductor screens a 
boundaries from any electric forces which may originate from 
the space which it surrounds. Also, the space which ‘it 
surrounds will be screened from all electric forces originating 
from the space outside its boundaries. The walls of a room 
are earth-connected conductors, consequently the lines of force 
due to any experiment performed in a room are restricted to 


the space enclosed by the walls of the room. 
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Expt. 54.—(i) Make a cylindrical jacket of iron gauze, consisting ot 
gauze sides and top, large enough to cover completely the electroscope 
without touching any part of the instrument. Place the jacket over the 
electroscope, and standing on the table; the gauze is earth-connected, 
and therefore analogous to the walls of the room. Hold the charged 
electrophorus disc near to the gauze. The electroscope is unaffected. 

(ii) Remove the jacket, invert it, and place it on a stand (non- 
insulating) as near as possible to the disc of the electroscope. Hold an 
electrified rod of sealing-wax inside the jacket (without touching the 
gauze). Notice that the electroscope is again unaffected. 


Fic. 119.—An Electroscope is screened by an Earth-connected Metal Disc 
but not by an Insulated Disc. 


(iii) Hold the sealing-wax just over the disc of the electroscope. 
Observe the divergence. Now place a large sheet of metal, earth- 
connected by holding it in the hand, between the wax and the dise (ad 
touching neither). Observe the collapse of the leaves. Zhe metal plate 
zs screening the electroscope (Fig. 119, i). 


(iv) Replace the earth-connected metal sheet by an insulated sheet. 
The electroscope is no longer screened (Fig. 119, ii). 


We have already learned that the easiest method of 
completely discharging-a charged body is to pass it through 
a flame (p. 123). If the body is a conductor, it is not even 
necessary to bring the flame into contact with it, the discharge 
taking place when the flame is still several cms. distant. The 
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conductor will, however, retain its charge if it is electrically 
screened from the flame by the method shown in Fig. 119 (i). 


Expt. 54.—(v) Hold a burning taper or match near to the disc of 
a charged electroscope. Notice how rapidly the instrument is dis- 
charged. Recharge the electroscope, and hold an earth-connected 
metal plate between the disc and the flame ; notice that the instrument 
is not being discharged so long as it is screened, but that the discharge 
takes place as soon as the screen is removed. 


The Multiplication of a feeble Charge by Induction.—Let 
A and B (Fig. 120) represent two flat metal plates separated 
from aconducting table : 
- by a thin layer of in- Cc; 

sulating material. If : 
a small positive charge 


is given to A it is 

possible, with the aid / e 
Ofc CAlic® «Plate. Ol.) Ae 
the same size as A or 
B and fitted with an 
insulating handle, to charge A and B to very high positive and 
negative potentials respectively. Hold the carrier plate C 
just above A but not touching it, and touch C momentarily with 
the finger ; it now has a slight zegative charge. Move C to the 
position C, and allow it to touch plate B to which its charge is 
now transferred. Move C to the position C,; and momentarily 
touch it with the finger ; it now acquires a slight Zosztive charge, 
which is transferred to plate A on moving C into the position Cy 
and allowing it to touch A. The charge on A is now slightly 
greater than it was initially, and B has acquired a negative 
charge. By repeating the process several times considerable 
charges may be imparted to the plates. Compare this process 
with the action of Kelvin’s water-dropping apparatus (p. 213). 


SUMMARY 


Faraday’s Ice-pail Experiment is a simple method of proving 
experimentally that the total induced charges are equal to the inducing 


charge. 
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The process of charging a conductor by induction may be described 
either by considering the lines of force of the electrostatic field or by 
considering the re-distribution of electricity due to potential-differences 
in the field. The process of charging a gold-leaf electroscope and its use 
in determining neighbouring electrical charges is explained in the same 
way. ; 

The leaves of a gold-leaf electroscope only diverge when a potential- 

difference ts set up between the leaves and the tin-foil strips. 
' Electrical Screening.—An earth-connected conductor screens all 
points outside its boundaries from any electric forces which may 
originate from the space enclosed by it; it similarly screens any internal 
point from any electric forces originating in the space outside. 


QUESTIONS ON CHAPTER IX 


1. Explain how a gold-leaf electroscope may be applied to the 
comparison of potential differences by observing the successive angles of 
separation of the leaves produced by communicating a series of small 
equal charges to a large conductor connected with the instrument. 

2. A deep metal can is placed on the top of a gold-leaf electroscope, 
and a positively charged conducting body is lowered into the can without 
contact. Draw a figure showing all the charges existing when the body 
is in the can, and state what happens to each when (i) the body touches 
the inside of the can, (ii) the can is subsequently touched by the 
observer. 

3. A gold-leaf electroscope is placed upon an insulated metal stand. 
State and explain the indication of the leaves when the stand receives a 
positive charge. How would the indication be modified if the leaves 
were earth-connected ? 

4. Can the leaves of an electroscope be made to diverge when they 
are kept at zero potential? If so, describe how, and explain why. 

5. Devise an experiment to show that the potential of a conductor is 
in general not dependent only on the nature and amount of the 
electrification upon it. 

6. Two insulated conducting spheres A and B are placed near but 
not in contact with each other, B being connected by a fine wire with 
the cap of a gold-leaf electroscope. State and explain the behaviour of 
the leaves of the electroscope when (i) A receives a positive charge, 
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(ii) the wire is removed, (iii) the electroscope is momentarily touched, 
(iv) the wire connection is restored. 

7. Two equal insulated conducting spheres A and B are placed 
at some distance apart and connected by a long thin wire. They are 
then charged. An un-insulated metal sphere C is brought near to A. 
After this the wire and the sphere C are removed in turn. Will the 
charges on A and B now be equal? Give reasons for your answer. 

8. A metal cup is placed on the plate of a gold-leaf electroscope 
which is then charged. Separate drops of water are allowed to fall 
into it from a metal saucepan held in the hand. Water is afterwards 
poured from the saucepan in a continuous stream. Describe the effect 
on the electroscope in each case. 

9. Two similar deep metal jars are placed on the caps of two similar 
electroscopes at some distance apart and the caps are connected by a 
fine wire ; a positively electrified ball is lowered into one of the jars 
without contact. Explain the effect as to potential and divergence on 
both sets of leaves, and also that which occurs on breaking the wire 
connexion by means of a silk thread and then removing the ball without 
allowing it to touch the jar. ; 

10. Explain why an initial repulsion is followed by an attraction 
when a small conductor with a considerable charge is brought gradually 
near to a large conductor with a small. charge, the charges being of the 
same sign. 

11. An electroscope is lowered into the inside of an insulated metal 
vessel without touching it. How are the leaves affected (i) when a 
positive charge is given to the vessel ; (ii) when the tin-foil strips on the 
side of the electroscope are momentarily earth-connected? Give 
reasons for the effects observed. 

12. Describe the electrophorus and the mode of using it, explaining 
carefully, in accordance with the principle of the conservation of 
energy, how it is that you are able by the aid of this apparatus to obtain 
an indefinitely great number of electric discharges, while the initial 
charges remain undiminished. 

13. A cake of shellac is excited with negative electricity. Explain 
how to obtain equal charges of positive and negative electricity from it 


without discharging it. 


y 


CHAPTER X 


CAPACITY. CONDENSERS. SPECIFIC {NDUCTIVE 
CAPACITY 


Introductory.—When a charge is given to two insulated 
conductors in contact with each other, it is so distributed that 
the potentials of the conductors are the same; but if the gwantity 
of electricity on each conductor is determined it will be found 


that the total charge is not necessarily divided equally between 
them. 


Expt. 55.—Place two metal spheres? (of different sizes) in contact 
on an insulating stand, each sphere being attached to an insulating 
handle. Place a hollow can on the top of the electroscope disc. 
Charge the spheres slightly. Lower the larger sphere into the can, and 

. allow it to touch the inner surface. Note the divergence. Discharge 


the electroscope and repeat with the smaller sphere. Note that the 
divergence is less. 


The charge required to raise a conductor to a given potential 
evidently depends upon its dimensions, and the ratio between the 
charge and the potential to which the conductor is thereby raised 
zs termed the Capacity of the conductor, or 
Quantity 
Potential 
The capacity of a conductor may therefore be defined as the 


quantity of electricity required to raise the potential of the 
conductor by one unit. 


Capacity = 


1 Instead of spheres, it may be convenient to use small glass bottles coated on 
the outside with tin-foil, and with a rod of vulcanite fixed to the cork. 
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The relationship between the dimensions and the capacity ofa 
conductor may be shown in a simple manner by means of a tin- 
foil roller-blind (Fig. 121) ; 
which is insulated on glass 
rods and may be rolled up 
or down by means of a silk 
thread. 


Expr. 56.—Connect one of 
the lower corners of the 
blind to an electroscope by 
means of a wire. Charge the 
blind, and observe the diver- 
gence. Slowly roll up the 
blind, and observe the changes 
in the divergence. The cafa- 
czty depends upon the area of 
surface of the tin-foil which is 
exposed, while the guantity of 
charge remains the same, hence 
when the blind is rolled up the 
potential should increase. 


EKA 


Capacity of a Sphere.— Fic. 121.—To illustrate Expt. 56. 
It has already been shown 
(p. 141) that the charge on an insulated sphere acts at any 
external point as though the charge were concentrated at the 
centre. Ifa sphere, of radius x cms., is charged with Q units, 
then the potential (v) at any point distant @ cms. from the 
sphere’s centre is given by the equation v=Q/d. But if d=*, 
then wv will be the potential of points on the surface of the 


sphere. Hence 
the Potential of the Sphere (V)= 


kO 


7 


= 
I 


t 
dO <0 


or 


But, by definition, 


Hence, the capacity of a sphere is numerically equal to its 


radius. 


H.M. F2 
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CONDENSERS 


The Principle of a Condenser.—The capacity of any 
conductor depends not only upon its dimensions, but also upon 
the presence of neighbouring conductors. For example, if an 
insulated conductor connected to a gold-leaf electroscope is 
positively charged, the potential is appreciably diminished if the 
hand is held near to the sphere (cf. Expt. 51), a result which is 
due to the negative charge induced on the surface of the hand. 
This change in the potential indicates that the capacity of the 
sphere is temporarily increased by the neighbouring earth- 
connected conductor. This constitutes a Condenser, which may 
be defined as any arrangement by which the capacity of a 
conductor is. artificially increased. The simplest type of 
condenser consists of two neighbouring conductors, one in- 
sulated and the other earth-connected. The capacity of a 
condenser is the quantity of charge required to raise the potential 
of the insulated conductor by unity. Subsequent experiments 
will show that the capacity of a simple condenser depends upon ° 


(i) the area of the two conductors, 
(ii) their distance apart, and 
(iii) the medium (or dielectric) separating them. 


An experimental proof that the capacity of a condenser is 
directly proportional to the effective area of the plates is 
scarcely necessary, for the plates may be regarded as being 
made up of a number of smaller pairs of plates, each with the 
same thickness of dielectric. The capacity of the large 
condenser will be equal to the sum of the capacities of the 
constituent smaller condensers. 

Fig. 122 represents a form of air condenser which may be 
used to demonstrate the influence of avea and thickness of 
dielectric on the capacity. AB is a vertical board on the surface 
of which a sheet of tin-foil is pasted. C is a sheet of tin-foil 
supported by means of a glass rod arranged so that C may be 
rolled up or down; the glass rod is supported on two vertical 
rods of vulcanite.. C is lowered by the silk thread D and is 
raised by an elastic thread which winds round one end of the 
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rod and is fixed below to one of the vulcanite rods. The thick- 
ness of the air space between the sheets of foil is observed by 
means of the scale S. 


Fic. 122.—Apparatus to demonstrate the Principle of a Condenser. 


Expt. 57.—-Wind up C until only about 4 of its area is exposed. 
Connect C to a gold-leaf electroscope, and give to it a small charge. 
Note the thickness (¢) of the dielectric, also the length of C which is 
exposed and may be taken as a measure of the effective area (A) 
of the condenser. Calculate the ratio A/¢. Carefully note the 
divergence in the electroscope. Increase the area (A), separate the 
plates until the divergence is the same as before, and again calculate 
the ratio A/t. Repeat the observations several times. In each position 
of C the guantity and the fotential, and therefore the capacity, are 
the same; if the numerical value of A/¢ is constant, we see that the 
capacity is proportional to the ratio A/¢. But the capacity is directly 
proportional to the area, hence ¢he capacity varies inversely. as the 
thickness of the dvelectric. 

The Field of Force of a Simple Air Condenser.— Fig. 123 
represents a convenient form of condenser for investigating the 
field of force and the influence of different dielectrics on the 
capacity. A and B are two brass plates supported on vulcanite 
rods; Cis an insulated plate which serves to investigate the 
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potential at various points of the field. In Fig. 124 (i) the plate A 


Fic. 123.—A Simpie Air Condenser. 


is charged positively, and B is earth-connected. If the plates 
are near together the lines of force are straight except near to 


MQ. MV. V. 
Fic. 124 (I.-II.).—The Field of Force of a Simple Air Condenser. 
(III.-V.).—To illustrate Expt. 58. 
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the edges, where they are slightly bent (due to the side pressure 
which the lines of force exert). A few lines of force may 
proceed. from the outer face of A to the walls of the room which 
constitute, with A, the plates of a condenser (of which the 
plates are very far apart). In Fig. 124 (ii), A and B have been 
separated to a greater distance; the lines of force at the edges 
of the plates are more curved and more lines proceed from A to 
the walls of the room. 

ExpT. 58.—Suspend a pith-ball, by means of a silk thread, between 
A and B (Fig. 124, iii). If nearer to A than to B, it will be attracted 
by A, and the lines of force joining the pith-ball to A will vanish 
(Fig. 124, iv). The ball is now attracted by B, when more lines of 
force vanish (Fig. 124, v). This process will continue until the 
condenser is discharged. 

Fig. 125 (i) represents the potential diagram of the condenser 
when the plates are close together, with A positively charged 


A B 


Fic. 125.—Potential Diagram of a Plate Condenser. 


and B at zero potential. If B is now disconnected from the 
earth and removed to a greater distance from A, its negative 
charge will now give to it a negative potential (Fig. 125, ii). At 
some. intermediate point the potential will be: zero. If the 
plates have equal and opposite charges the point of zero 
potential will be mid-way between them. 
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Expt. 59.—Charge the condenser, the plates being about 8 cms. 
apart. Connect the plate C (Fig. 123) to an electroscope, and place it 
between A and B. Observe that the divergence is greater when C is 
nearer to A, and verify that it has positive potential by holding near to 
it a positively charged body. Separate A and B until about 16 cms. 
apart, and place C in various positions between them. The leaves 
diverge when C is near A, and gradually collapse when moved towards 
B; when moved still nearer to B, the leaves again diverge ; verify that 
the potential of C is now xegative. 


The Capacity of a Simple Air Condenser.—Let the plates 
be at potentials V and zero respectively ; let A represent the 
area of each plate, and ¢@ their distance apart. If the plates are 
very near together we may assume that the tubes of force are 
straight and uniformly distributed ; the tubes will therefore be 
of uniform cross-section. Since, in any tube of force, Fs is 
constant (p. 141), therefore in the present case the intensity (F) 
is the same at all points of the field. The work required to 
convey one unit of positive electricity from one plate to the other 
will be equal to the product of the /wtensity and the distance, 
and this will be equal to the fotential difference between the 
plates, or V=F xa. 


But, by Coulomb’s law, F=gro= 472. 


H ee 
ence V 3 
A 
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erefore Capacity (C) y and 


The Capacity of a Spherical Condenser.—Fig. 126 represents 

~ a spherical condenser, consisting of two 
concentric spheres of radii @ cms. and 
6 cms. The inner sphere is insulated, 
the outer sphere is earth-connected, and 
the dielectric is air. 

Suppose a charge +Q to be given to _ 
the inner sphere. All the tubes of force 
will terminate on the inner surface of the 
outer sphere, where —Q units will be dis- 
tributed. The potential at all points within the outer sphere, 
due to its charge — Q only, is uniform and equal to —Q/é. The 
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potential of the inner sphere due to its own charge (+ Q) is + Q/a. 


Hence the resultant potential of the inner sphere = Q = 
a 


ee ALE on \ antes 
sitio J A 
Hence, the Capacity = oe 
If @ and 4 differ by a very small amount, then 6=(a+.<x), where x is 
2 2 
a very small length. Therefore C=a(atz)/x=C+a=—, (Since a 
: Gs 
may be neglected in comparison to <): Hence 
5 


a _47a?__ surface of inner sphere 

x 4mx 4m x thickness of dielectric 
This result is identical with that for a simple air condenser. 
ab 


If 4 is great compared with a, then C= te — =a approximately, 


C= 


b 
or, the capacity is equal approximately to that of a single sphere. 


Successive Condensers.—In 
Fig. 127, A represents an in- 
sulated sphere, surrounded by 
concentric conductors B and C. 
Two condensers are in this way 
formed, viz. the, outer surface 
of A with the inner surface of 
B, and the outer surface of B 
with the inner surface of C. 
Let a charge Q be given to A, 
and let the potentials of A, B, 
and C,-be V,, V2, and Wz re- 
spectively. If C, and C, are the 
capacities of the condensers AB and BC respectively, then 

Q=C,(V — V2) =C2(Vo— Vs). 

Eliminate V,; thus C,(V,— V2)=C2(V2—- V3); 

or Va=(CyV, + C2V5)/(C.+C)- 


Hence, ye Cc 
ts C,Vit Vs) cate 7 .V, 
e=c(v.- ere gees ek tree ME 
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Therefore, 

C,Ce 
C,+Cy 

_(Compare this expression for that of Leyden jars arranged 
in cascade (p. 188).) 


the combined capacity = 


ExampLe.—A sphere (diameter 6 cms.) is charged with 105 units 
and then enclosed in another sphere, insulated and uncharged, of 
internal diameter 7 cms. and thickness 0.25 cms. The outer sphere is 
then put to earth. Find the potential of the inner sphere before and 
after the outer sphere is earth-connected. 

Before the outer sphere is touched, its outer surface and the sur- 
rounding earth-connected surfaces (supposed to be distant) constitute a 
condenser, in which the potential (Vs) of the one surface is zero. The 
capacity (C,) of this condenser=outer radius of sphere=3.75 cms, 


Also C= ratal(t0— 7a) =(3 * 3.5)/(3-5—3) =2I- 
: C,C 
Since = +C (V,— Vs), 
105 =38 x Vin On vy = mee = 33 (electrostatic units). 


When the outer sphere is touched, the charge on its outer surface 
disappears and a simple spherical condenser remains. The formula 
Q=C,(V,— V.) is now applicable. Since C,=21, and V,=0, then 

V,=Q/C=105/21=5 (electrostatic units). 


Standard Condensers.—The capacity of any condenser is 
determined experimentally by comparison with that of a stan- 
dard condenser, the capacity of which is found by calculation 
from its dimensions. Three principal types of standard con- 
denser are here described. 

I. Spherical Standard Condenser.—Lord Kelvin designed a 
standard condenser similar in principle to that used by Faraday, 
and represented in Fig. 131. Owing to the difficulty of turning 
perfectly true spherical surfaces and of fixing them exactly concen- 
trically to each other, other forms of standard are preferred. 

2. Kelvin’s Guard-ring Condenser.—In a simple plate condenser 
of small dimensions the tubes of force near to the edges of the 
plates are not straight (pp. 172 and 174), and the electrification is 
not uniform ; the expression for the capacity, A/4mé, is there- 
fore only apptoximately true. The error is obviated by sur- 
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rounding the plate with a flat circular ring R (Fig. 128) in the 
same plane as the plate; if the plate and guard ring are 
in electrical contact, and if 
both are charged to the same 
potential, the tubes of force 
originating from the plate are 
perfectly straight. With this 
arrangement the value of A in 
the above expression is equal 
to the mean area of the plate, 
and of the opening in the guard 
ring. The plate and guard ring 


p P 
2 : R R 
form the lid of a flat circular 
metal box, which is supported | ° | | | 
on an insulating stem, and the 


plate is supported from the base Fic. 128.—Kelvin’s Guard-ring 
of the box on an insulating vee haga 
stem. A wire connected to the plate passes through the side 
of the box. The upper plate P is supported by a glass stem 
fixed to a micrometer screw, and its distance from R may be 
varied by rotating a fixed nut round the screw. The method 
of using the condenser is as follows: The small plate and 
guard ring are electrically connected and charged, while the 
plate P is earth-connected. The guard ring is then disconnected 
and connected to earth. If V is the potential to which the 
small plate is raised, the quantity of electricity Q upon the 
plate is equal to VA/47r¢. 

3. Kelvin’s Cylindrical Condenser.—A condenser of variable 
capacity, and constructed so that the capacity can easily be 


Fic. 129.—Kelvin’s Standard Cylindrical Condenser. 


calculated, is often required. This is fulfilled in the cylindrical 
condenser (Fig. 129), which consists of three co-axial cylinders, 
H.M. 
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a, 6, and e. The two former are of the same diameter, and 
about 30 cms. long ; they are insulated on vulcanite supports. 
The inner cylinder is also supported on four vulcanite feet 
resting on the inner surface of 4, and is loaded at one end so as 
to rest stably ; it can be moved to and fro so as to vary the 
length enclosed within a, and this length can_be observed by the 
arm z, which moves along a slot in the tube 4, and in contact 
with a scale &. The parts marked Zand # are metal covers to 
screen the tube @ from external disturbances. In use, the 
cylinder a is insulated and charged, while the others are earth- 
connected. By p. 190, the capacity per unit length is 


— 


2 log.72 
74 
where 7, and 7, are the external radius of tube e and the in- 
ternal radius of tube @ respectively. 

Comparison of Capacities, by Electrostatic Methods.—1. FARa- 
pAy’s MeETHop. This method enables the capacities of two 
condensers to be compared by means of a quadrant electrometer 
(p. 205). One of the condensers, of which the capacity is C,, is 
charged to a potential V, which is measured by connecting the plates 
to opposite pairs of quadrants of the electrometer. The insulated 
plates of the two condensers are then momentarily connected, and the 
common potential V, is measured; if one of the condensers has air as 
the dielectric this should be used as the first condenser so as to mini- 
mise errors due to e/ectric absorption (p. 181). Since the total quantity 


of electricity remains the same, then, if ¢ is the capacity of the electro- 
meter, 


Vi (Cy +c) =V_(C,+Cy+c). see eeeecesere . seercteen iL) 
As a general rule ¢ is negligibly small, hence 
Cai 
C, V,-Ve 


But if ¢ cannot be disregarded, it is determined in the following 
manner: The electrometer is charged to a potential 7,, which is 
measured by the deflection, and its charge is then shared with the 
condenser Cj, and the common potential v, is measured. Then, 


46 =V_(Cy +e), 
VC} 
Cacmed 


or c= 
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By substituting this value of c in equation (1), 


Cy Ve NATELY 
CG, Vi-Vs Ze 

This method may be termed ‘ Faraday’s’ since it so closely resembles 
his fundamental experiment (p. 180) on specific inductive capacity. 

2. Ketvin’s Nutt MeEtTHop. This method requires three con- 
densers of known capacity, one of them being variable. The four 
condensers of capacities 


Ge. C,,,C,, and. C.7are 


arranged in series (Fig. ee 

130); C, is the condenser 

of which the capacity is 

to be measured, and Cy, is C, C, A C, C, 

a standard variable con- D D 
saec= (2) 


denser. The positive and 
negative terminals of a 
battery B are connected 


to the point A and to ; — 
earth respectively ; the 
points D and D’ are & z ZZ 


connected to opposite 
quadrants of an electro- 
meter Q. The external 
plates of C, and C, are earth-connected. As a general rule the 
clectrometer needle is deflected owing to the P.D.! between the points 
D and D’; but the capacity Cy, may be adjusted so that there is no 
deflection, when D and D’ must have the same potential. If Q, and 
Q, represent the quantities of electricity on the inner plates (z.¢. the 
plates nearest to A) of C, and C, respectively, then 


Q\=C2(V -7)=C,(v—o), 

Qe=C;(V — 7) =C,y(v- 0) 
where V and v represent the potentials of A and of the points DD’. 
Hence C/E —Gr Ce. 


or Cy = 2 . Cy 
3 


Fic. 130.—Kelvin’s Null Method of comparing 
Capacities. 


This method is analogous to the Wheatstone Bridge method of measur- 
ing resistance (p. 307). 


1 The letters p.D. may be used as an abbreviation tor Jotential-difference. 
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Faraday’s Experiments on Dielectrics.— Faraday conducted 
a series of experiments to determine how the capacity of a 
spherical condenser is altered when air, as the dielectric, is 
replaced by other insulating media. He used two condensers of 
exactly the same dimensions and similar to 
Fig. 131. A brass sphere A is suspended 
concentrically with an outer brass spherical 
shell B, by means of a thin rod and knob 
a, which is supported by a long shellac plug 
Z; the tap R allows the space between the 
spheres to be filled with any gas, and the 
pressure to be varied. Let the two con- 
densers be denoted by the symbols X and 
Y. In the first experiment the dielectric in 
both condensers was air, and the outer 
shells were both earth-connected. A charge 
was given to the inner sphere of X, and its 
potential observed by touching its knob with 
a proof-plane or carrier ball, and obtaining 
a measure of the charge removed by means 
of a torsion-balance. The knobs of X and 
Y were then connected together, and the potential again 
measured. The charge obtained on the proof-plane was found 
to be one-half of that previously obtained, showing that the 
original charge was equally divided between the condensers, 
the dimensions of X and Y being the same, their capacities were 
equal. The condensers were discharged, and the air in Y was 
replaced by another dielectric (e.g. shellac or sulphur), and the 
previous observations were repeated. It was found, after con- 
necting the knobs of X and Y, that the mutual potential was 
considerably less than one-half the original potential of X, 
showing that the capacity of Y was greater than that of X. 

If C, is the capacity of X, and V, is the potential to which its 
inner sphere is raised, then the charge imparted to itis C,V;. If 
C, is the capacity of Y, and V, is the mutual potential after con- 
necting X and Y, then the charge on X is C,V,, and the charge on 
Y is C,V,, Hence C,Vy=CiVe Ca Ve 
Ca Mas Ve 
C, Vs 


Fic. 131. — Faraday’s 
Spherical Condenser. 


or 
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The ratio between the capacity of a condenser when any di- 
electric other than air is used and its capacity when air is used 
was termed by Faraday the Specific Inductive Capacity (S.1.C.) of 
the dielectric. This is usually denoted by the symbol K. 
peerge Nas Va 


Henc = 
i Bt Cae We 


Residual Charge.—If a condenser having a solid or liquid 
dielectric is charged in the usual manner, and then left to itself, 
it is found that the P.D. between the plates gradually gets less ; 
the change is more rapid at first, and finally becomes 
imperceptible. The capacity of the condenser, therefore, 
appears to increase. This takes place even when the insula- 
tion is perfect, and it may be attributed to a change produced 
in the dielectric. Similarly, if the condenser is discharged 
after the charge has been retained for some time the P.D. is at 
first zero; but after a short time a P.D. of the same sign as 
before can be detected, which increases rapidly at first then 
more gradually and finally becomes constant. In this manner it 
is possible to obtain one or more subsequent discharges ot 
diminishing magnitude ; such subsequent discharges are due to 
what is known as the residual charge. The phenomenon indi- 
cates that the dielectric does not instantaneously recover from a 
strained condition, and in this sense it resembles the slow re- 
covery of an imperfectly elastic body after being deformed, as 
observed in silk or glass fibres when used as suspensions for 
galvanometer needles. In both phenomena it is observed that 
jarring, vibration, etc., aids the return to a normal condition. 

The apparent uncertainty of the capacity of a condenser is 
avoided if the observations are taken immediately after it has 
been charged, for it has been observed that the charge imparted 
to a condenser is practically constant, providing that the period 
of charging does not exceed about half a second. This charge 
may be termed the zzstantaneous charge, and the capacity of a 
condenser may be strictly defined as the amount of instantaneous 
charge required to produce unit difference of potential between its 
plates. 

The phenomenon of residual charge is particularly evident in 
condensers with paraffin-paper as the dielectric, it is less evident 
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with quartz than with glass, and is quite absent with Iceland 
spar. 

Relation between Intensity of Field (F) and Specific 
Inductive Capacity (K).—It has been shown (p. 174) that the 
potential (V) of the insulated plate of a simple air condenser is 
given by the equation V=(F x @), where F =the Intensity of the 
Field, and d=distance apart of the plates. Let A and B betwo 
condensers consisting of infinite planes, each with plates at a 
distance @ cms. apart, A having air as a dielectric, and B 
having a dielectric of S.I.c.=K. If equal charges are imparted 
to both A and B, the potential difference in B will only be 1/K 
of that in A, since the capacity of B is K times that of A. 
Hence V;=V,/K. But V,=F,xd, and V3=F; x d. 

Therefore F,x d@=(F, x d)/K, or Fg=F,/K. 

In words, the Intensity of the Field in a dielectric of S.C=K 
is 1/A of that of a field in which air is the dielectric, the charges 
and dimensions being the same. 

Aro 


K 
. V,-V, . . 
And, since Le a BT (p. 147), the potential-slope is pro- 


Also, since F,=47 (p. 142), then Fy= 


portional to the Intensity of the field. Hence, the potential slope 
in any dielectric is inversely proportional to its Specific Inductive 
Capacity. 

The Force of Attraction between the Plates of a Con- 
denser (separated by a dielectric of S.I.C.=K).—The force 


o 


2 
on each unit area= de (p. 145) =a dynes per sq. cm. 


Hence, if the charges are given, ¢he force of attraction varies 
inversely as K. 
Also, oF: UKE oe i KV? 
2 8r 8rd? 
Hence, if the potentials are given, the force of attraction varies 
directly as K. 
Parallel Plate Condenser with Compound Dielectric.— 
Let AD (Fig. 132) represent a plate condenser with its plates at 
a distance d cms. apart, and let BC represent a slab of thick- 


ness fands.1.c.=K. Let V be the potential difference between 
D and A. 


dynes per sq. cm. 
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The work done in conveying a unit charge across the air-gaps 
AB and CD=F(d-Z) ergs; also the work done 
in conveying the unit charge through the slab 

F 
BC= (Ex r) ergs. 


* Hence, total work in conveying unit charge from 
Ato D 


= F{(@- Z)+ z} ergs, 


and this is equal to the potential difference 
between A and D. 


Therefore V= F{ (d—2) +x}: 


But, by Coulomb’s Law, F=47. Rigieoe 

i fe rin a kt Ye ae wr 
Therefore V=470 {(a Z)+ x} nn \(@ t)+ x}: 
Hence C= Q = 


This formula may be used in order to make an approximate 
determination of the S.1.C. of a solid dielectric. 


Expt. 60.—Connect the insulated plate of a simple air-condenser 
(Fig. 123) to a gold-leaf electroscone. Earth-connect the other plate, 
and give a suitable charge to the condenser. Note the divergence of 
the leaves and the distance (¢,) apart of the plates. Insert between-the 
plates a slab of paraffin-wax! (of thickness ¢, and of larger area than 
the condenser plates), and determine the distance (d,) between the two 
plates when the divergence is the same as before. Remove the 
paraffin-wax, and re-determine the distance d,, taking the mean of the 
two observations. hen, if C, and C, are the capacities with air alone 
and with the compound dielectric, 


C,=A/4rd,, 


C= [an {ay-e(1 -x)}- 


1It may happen that the surface of the wax will acquire a slight charge either by 
touching the plates or by rubbing the fingers. This should be tested for and, if 
present, removed by passing the slab quickly through a Bunsen flame. 
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But since the divergence was the same in both cases, C)=C,, 


I 

Hence a=d;-1(1-R), 
3 
or t—(@-a@)=Je 

org — 


The same formula may be derived by the following reasoning: a 
layer of air of thickness ¢ cms. is replaced by a layer of material which 
is equivalent to ¢/K cms. of air, hence the total thickness of the air 


K 
through which one of the plates must be moved so that the initial and 
final capacities are the same. 


3 ee a 
dielectric is reduced by an amount (x) cms.; this is the distance 


. 


t 
Hence aS K72 -ahy, 


or K {¢- (a, - d,)k=4. 
Accurate Measurement of Specific Inductive Capacity.— 
1. BOLTZMANN’S METHOD. In 1874 Boltzmann measured the 
$.1.c. of several solids by the following method. One pair of 
quadrants of an electrometer, the negative terminal of a battery, 
and one plate of a plate-condenser were all connected to earth. 
The following observations were then made.—(i) the positive 
pole of the battery was connected to the insulated pair of 
quadrants and the deflection noted; this gave a measure of 
the potential V, of the battery terminal; (ii) the battery terminal 
was disconnected from the quadrants, which were then dis- 
charged, and the insulated plate of condenser, with air as 
dielectric, was connected momentarily with the battery terminal ; 
(iii) the condenser was disconnected from the battery, and 
joined to the electrometer, the common potential V, being 
indicated by the deflection ; (iv) the observations were repeated 
with the air replaced by a solid dielectric. If C, and C, are 
the capacities of the condenser with air aad with the solid 
dielectric, if c is the capacity of the electrometer, and if V3 is 

the common potential in the fourth observation, then 
CV, =V2(C, +c) 
and CiV—Va(Gy-ee)s 
Gar: V,-V2 


Hence K=2= 2 
VE Si 
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In his experiments Boltzmann really replaced only a portion 
of the air between the plates by the solid dielectric: in this 
case the above formula becomes more complicated. 

2. HOPKINSON’s METHOD. Dr. John Hopkinson! used the 
method of comparison of capacities of two condensers (p. 178). 
The apparatus (Fig. 133) consisted of a standard sliding con- 
denser S, a guard-ring condenser DP, a battery B of 48 Daniell 
cells, and a quadrant electrometer Q. The middle point of the 
battery, the outer tube of S, the plate P, and one pair of quadrants 
of Q were allearth-connected. The terminals of the battery were 


eee eee 


[et 


Fic. 133.—Hopkinson’s Method of Measuring Specific Inductive Capacity. 


joined to the inner tube of S, and to the plate D and guard- 
ring R, respectively, which thus acquired equal and opposite 
potentials. The wires from the battery were then disconnected, 
and the connections shown by dotted lines were made; the 
direction of deflection was observed, and the capacity of S was 
altered until no deflection resulted on connecting up to Q, 
showing that the capacities of S and of DP were equal. The 
solid dielectric was then inserted, and the observations repeated, 
the capacity of S being adjusted until it was again equal to that 
of the guard-ring condenser. The S.1.c. of the dielectric was 
calculated from the two values of the capacity of S. 

Specific Inductive Capacity of Liquids.—r. SILOW’S 
METHOD. The apparatus (Fig. 134) consists of a glass cylindri- 
cal vessel coated inside with four vertical strips of tin-foil, the 


1Gray’s Absolute Measurements, vol, i. (Macmillan). 
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opposite strips being joined together like the quadrants of an 
electrometer. A platinum needle was suspended inside the ves- 
sel, the needle consisting of a horizontal arm terminating in pieces 
of metal curved so as to be parallel to the sides of the vessel. 


Fic. 134.—Silow’s Method of Measuring the S.I.C. of a Liquid. 


The needle and one pair of the foil strips were always earth- 
connected ; the other pair of strips was charged to a constant 
potential. The deflections were observed (i) when the vessel 
was filled with air, and (ii) when filled with the liquid. It was 
assumed that the angles of deflection were proportional to the 
S.LC. of the liquid, for, 7f the potentials are constant, the force of 
attraction between the arm and the charged strips ts directly 
broportional to the SI.C. of the dielectric (p. 182). It would be 
more correct to suspend the needle from a torsion-head, as in 
Coulomb’s torsion balance, and to observe the angles through 
which the torsion-head would have to be turned in order to 
bring the needle back to its position of equilibrium. 

2. HOPKINSON’s METHOD. The apparatus consists of two 
co-axial cylinders closed at the lower end so as to form an 
annular vessel to contain the liquid under examination ; another 
co-axial cylinder was suspended within the liquid from an 
ebonite support. The outer vessel and the suspended cylinder 
formed the earth-connected and insulated coatings of a con- 
denser. The capacity of the condenser, (i) when the dielectric 
was air, (ii) when the vessel was filled with the liquid, was de- 
termined by comparison with a standard condenser, 
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SPECIFIC INDUCTIVE CAPACITY. 


The following Table gives the Specific Inductive Capacity of various 


dielectrics, assuming that the s.1.c. of air is unity. 


SUBSTANCE. 


S.1.C. 


Glass : 

Double extra dense flint (A=4.5), 

Dense flint (A= 3.66), - = 

Plate, 2 2 S 2 3 
Ebonite, - = “ 2 
Gutta-Percha, - - - = 
Mica, - - - : 
Paraffin, - - : é = : 
Shellac, - - - - = : 
Sulphur, - - - - - - 
Petroleum, - - - - - 
Turpentine, - - 2 : - 
Distilled Water, - - - = 
Hydrogen (at N.T.P.),  - - - 
Carbon Dioxide (at N.T.P.),  - - 


9.90 
7.38 
8.45 
3-15-3.48 
3-3-4-9 
6.33-8.0 
2.29 
2.95-3-73 
2.24 
2.02-2.19 
2.15-2.28 
76.0 
0.9997 
1.0008 


Leyden Jars.—The Leyden jar (Fig. 135) 
is the most frequent type of condenser 
used in elementary experiments. It con- 
sists of a glass jar coated inside and 
outside with tin-foil to within 2 or 3 inches 
of its edge. A metal knob is supported 
vertically by a rod which is connected 
to the inner coating of the jar. The 
Leyden jar may be regarded as a plate 
condenser, with glass as dielectric. Hence 
is capacity is given by the formula (p. 174) 
C=KA/4mr¢; where K=s.1.c. of glass, 
A=area of either coating, and ¢=thick- 
ness of the glass. 

The function of the dielectric in a 
condenser may be clearly shown by means 


Fic. 135.—A Leyden Jar. 
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of a Leyden jar, the coatings of which can be readily separated 
(Fig. 136). 

Expt. 61.—Charge the jar. Lift out the inner coating by means 
of an insulating rod, and place it on the table. 
Lift out the glass jar. Replace the jar and 
also, dy means of the insulating rod, the inner 
coating. A spark may be obtained. Recharge 
the jar, and separate the parts as before. 
Hold the glass jar in the left hand and insert 
the right hand inside the jar so as to touch the 
sides. Notice the numerous slight discharges 
obtained. Replace the parts and verify that 
the jar is now discharged. 


It is evident that the energy of the 
charge is represented by the strained 
condition of the dielectric, and that the 
charges are not contained by the metal 
coatings. 

Charging Leyden Jars in-Parallel 
and in-Series.—(i) IN-PARALLEL. If 
the inner coatings of several Leyden jars 
(of capacities ¢,, ¢:, ... ) are joined together 
by a conducting wire, and the outer 
coatings similarly connected, the jars are 
said to be connected in-parallel (Fig. 137, i). If a charge of Q 
units is imparted to the jars, whereby the potential of the inner 
coatings is raised to V, then Q=CV, 
where C is the total capacity of the 
system of jars. 

If 7,, Go, ... are the charges in the 
individual jars, then 

NtGot...=4V+QV+.... 

But Watt ---=Q=CV. 

Hence C=a4+0o+..., ie heer amy PRE 
or, the total capacity of the jars, con- (it) 
nected in-parallel, is equal to the sum Fic. 137.—Leyden Jars connected 
of the capacities of the individual jars. in-Parallel and in-Series. 

(ii) IN-SERIES (or, 27 cascade). In this method all the jars, 
except the last, are insulated. The inner coating of the 2nd 


Fic. 136. 
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jar is connected to the outer coating of the rst, the inner coating 
of the 3rd with the outer coating of the 2nd, and so on, 
(Fig. 137, ii). If g, is the charge given to the inner coating of the 
Ist jar, a charge —g, will be induced on its outer coating, and 
+g, on the inner coating of the 2nd jar, etc.; hence the charges 
in each jar will be the same. If 7, vo, ... are the potential 
differences in successive jars, then 


ye eee ae re e te 
Uy +Vy+... Boa tr %1 Pea E 


If the total capacity of the jars in series is C, and if the 
potential difference between the Ist and last coatings is V, then 


oA 
a 
But Var+%+...=9;(144+...). 
oo 
Hence eds pee 
PRCT AS 


or, the reciprocal of the total capacity is equal to the sum of the 
reciprocals of the capacities of the individual jars. It is evident 
that the capacity of any system of condensers joined in-series is 
always less than that of any condenser in the system. 


Submarine Cables as Condensers.—A submarine cable con- 
stitutes a condenser, in which the inner copper core represents the 
insulated coating, the layer of insulating material is the dielectric, 
and the surrounding water is the earthed 
coating. To a less extent, an aerial tele- 
graph line is also a condenser, the wire 
and the surface of the earth forming the 
two coatings, while the intervening air is 
the dielectric. 

CAPACITY OF A SUBMARINE CABLE.— 
Fig. 138 represents a cable, of which A is 
the insulated conductor, B is the dielectric, 
and C is the surrounding water. Let the 
radii of the inner and outer conductors be 
and 7». 

The tubes of force radiate outwards from the centre of A. Near to 
the surface of A, F=470/K. If V is the potential of A, then 
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V-o=2F. dx, and the charge (Q) on unit length of Ais 270. At 
. To Ff, . 

a distance x from the axis, Fat x4, (since the tubes of force 

radiate outwards from the centre of A, the cross-sections of the tubes 

vary as their distance from the axis, and therefore the intensity varies 


2 


inversely as this distance) (p. 182). Hence Fay Therefore 
_ 20 [dete ee ve 
Men Ques BK a 
The Capacity per unit length= 2 =K/z2 loge 2 electrostatic units. Here 
1 


é@=2.7183, the base of Napierian logarithms. If expressed in ordinary 


logarithms the formula becomes C= K / (2 logyy2 x2. 3026 ). 
1 


The Energy of a Charged Condenser.—We can imagine 
that a /arge plate condenser is charged by the transference of 
successive and infinitely small charges of 1 unit each from the 
earth-connected plate to the insulated plate. Let each such 
charge raise the potential by an amount v. 

The transference of the Ist unit will require no work, and 
will raise the potential of the insulated plate to v. 

The 2nd unit will require v units of work, and will raise the 
potential to 2v. 

The 3rd unit will require 2v units of work, and will raise the 
potential to 3v. 

The wth unit will require (7 —1)v units of work, and will raise 
the potential to zv. 

The total work required 

=Vv{I+2+...+(2—1)} 
=0{ +@— 2 Nn Dae I) 
2 2 

Assuming that 7 is an odd number, then v(#z—1)/2 is the 
average potential during the process of charging. 

Hence, if Q is the number of units conveyed, and V is the 
final potential, then 

work required =Q x V/2. 

But the energy stored up in the condenser is equal to the work 
done in the process of charging; hence 
Were 


energy = Nee 
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In the case of a plate condenser with a dielectric of which 
the s.I.c. is equal to K, then C=KA/47d@; hence 
WV Pare — ow KA 
a KA*? 82d 
in any case, for a given quantity Q the energy is pro- 
portional to a/KA, and for a given potential-difference V the 
energy ts proportional to KA/d. ‘ 


xV?; 


energy = 


The energy of a charged condenser may be regarded as being 
distributed through the dielectric, which is in a state of strain; this 
energy becomes evident in the spark which accompanies the discharge 
of the condenser. If the plates are connected by a length of dry cotton 
(or other poor conductor) the discharge takes place more slowly : each 
tube of force moves outwards towards the cotton, the opposite ends of 
each tube travel along the cotton in opposite directions, and the tube 
finally vanishes. The energy represented by each tube of force re- 
appears as heat in the cotton thread. 

It can be proved, if the plates of a charged condenser are connected 
by a conductor of dow resistance, that the discharge is oscillatory, the 
charge surging to-and-fro along the conductor several times and rapidly 
diminishing in magnitude, the whole process being complete in a very 
short interval of time. The discharge through a low resistance may be 
compared to the vibrations of a steel spring clamped at one end, and 
vibrating in air, while the discharge through a high resistance is com- 
paravie to the behaviour of a bent spring immersed in a dense viscous 
liquiG. 

ExAMPLE.—If the force of attraction between two large parallel 
plates charged with equal and opposite charges + Q is independent of 
the distance between them, find the energy of the charge, and the 
difference of potential between them in terms of F and Q, when they 
are at a distance of I cm. apart. 

Let S be the area of either plate, F the force of attraction, and V 
the difference of potential and d the distance between the plates. 
The intensity of the field between the plates is uniform, since the force 
of attraction is independent of the distance and. the tubes of force are 
therefore straight ; and the intensity = 470 = V/d. 

Hence (p. 143) F=2r0?S=2rcQ=27QV/4rd. 

But a=15 

af Vi 2h, 


Also Energy=4QV=3Qx =F. 
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Loss of Energy when a Charged and an Uncharged Con- 
denser are Connected.—lIf a condenser of capacity C, is charged 
with Q, units, the energy of the charge is Q,?/2C,._ Let this condenser 
be joined by an insulated wire to an uncharged condenser of capacity C2. 
The quantity Q, will now be distributed over a condenser of capacity 
(C,+C,), and the energy will be Q,°/2(C,+C,). The energy lost is 
equal to e-otc} and is represented by the spark which 
passes when the jars are connected. 

If two charged condensers are joined together it can be proved that 
there is always a loss of energy except when the initial potentials are the 
same, Let Q,, Cy, Vy, and Qs, Cy, V2 be the charges, capacities, ne 

QP? 1 Q 


After connecting the condensers, the total energy =(Q, + Qs)?/2(C, + C,). 
_1fQ? oe eet 

The loss of energy = a G : Ca (Cy Ca) 
hs {ak (Cy + Co) + Qe?C (Cy + Cy) — (Qi? + 2Q,Q2 + Qo”) CiCo| 
70 CyCy(Cy + Ca) j 
are f Qu°C.? + Qo?C.? - ita —1(QiC,— Q2C,)?, 

2\ CC, (C, + Cs) 2 C,C.(C, + C) 
This is only equal to zero when Q,C,=Q,.C,, or when 


ewe 
C, C,’ 


or V,=V>. 


Condensers of large capacity.—We may distinguish be- 
tween two classes of condensers, one having sufficient thickness 
of dielectric to resist the high P.D. used in static experiments, 
the other having large capacity and suitable for the low P.D. 
available when the condenser is charged by means of a voltaic 
battery. In the case of static condensers the plates are so far 
apart, and the capacity therefore so small, that the charge 
stored in such condensers is usually far too small to measure 
by means of a galvanometer (p. 281). The condensers of large 
capacity and suitabl2 for experiments with voltaic batteries and 
galvanometers are constructed in the manner shown in Fig. 
139; a number of sheets of tin-foil are separated from each 
other by double sheets of thin paraffined paper or mica, the 
sheets of dielectric projecting 4 or 5 cms. all round the sheets or 
foil. After the condenser is thus buit up (and if paraffined 
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paper is used), it is pressed between hot metal plates to remove 
the surplus paraffin wax. The even-numbered and odd-num- 
bered sheets of foil are joined to 
separate terminals. 

Since the capacity of such con- 
densers is usually expressed in 
terms of the Farad, which is the 
practical unit of capacity in the 
electromagnetic system, it may be 
well to explain briefly the relationship between this unit and 
the unit of capacity in the electrostatic system. The method 
of measuring the capacity of such condensers is described on 
Pp: 331. 

The Farad and Micro-Farad.—A condenser has a capacity of one 
farad when a P.D. of one volt between the plates charges each with 
one coulomb of electricity. 

The vol¢ and the coulomd are the practical units of P.D. and 
of quantity in the electromagnetic system, and are respectively 
equal to 108 and 10! C.G.s. units (p. 293). Hence, since C=Q/V, 


| 
6 
@ 


pewepenee 
' 
' 
' 


Fic. 139.—Construction of a Con- 
denser of large capacity- 


10 ’ 
1 Farad=——-= 10° C.G.S. units. 
10 


The relationship between the electromagnetic and the electro- 
static systems of units is explained in a subsequent chapter 
(p. 520), where it is stated that 


1 electromagnetic unit of quantity =v electrostatic units, 
P I 
and 1 2p 3 potential=— cs ae 


v being equal to 3 x 10, which is approximately the velocity of 
light in vacuo in cms. per sec. Hence, since C=Q/V, 


é i : I 
the electromagnetic unit of capacity=v/4 


=v" electrostatic units of capacity. 
1 Farad=10-® x (3x 10")?=9 x 104 electrostatic units of 


capacity. 
The Farad is rather a large unit of capacity for ordinary 
purposes, hence one-millionth of a farad, termed the wcrofarad, 
is more commonly used. 
1 Microfarad=9 x 10° electrostatic units of capacity. 


H.M. G 
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Thus, for a plate condenser with air as dielectric, if A is the 
area of either set of plates and ¢ is the distance between them 


C eis electrostatic units 
4rt 


A 


=—_____.,, microfarads. 
TLS T LONE 


ExampLe.—1. A Leyden jar, of 10 cms. diameter, is coated with tin- 
foil inside and outside to a height of 10 cms. ; the glass is 2 mms. thick 
and its s.1.c.=7. Find its capacity in microfarads. 

The area of the base of the jar is 257 sq. cms., and the area of foil 
on the outside is 1007 sq. cms.; hence total area=125m sq. cms, Also 
20124 ELlence 

1257 X7 


=? __*__ = 1.21 x 1078 microfarads. 
1.131 X 10’ x0.2 


2. Of how many plates 100 cms. square, separated by 1 millimetre of 
air, and with the two external plates of the same polarity, must a 
condenser be composed to have a capacity of not less than 0.33 micro- 
farad ? 

If there are 2 plates, each of area @ sq. cms., the /Zofal surface is 
2na sq. cms.; but the two external surfaces are ineffective, hence the 
total effective surface is (2na—2a) sq. cms. Hence 

aa 2elen a(n I) sq. cms. 
Since A=C x (1.131 x 107 x), 
104(% — 1) =0.33 X I.13I X IO’ XO.1, 
or = 37.325 

Hence 38 sheets are theoretically required, but as the total number 
of sheets must really be an odd number, the number actually required 
is 39. 

3. Acable consisting of a wire 3 millimetres in diameter and insulated 
with 3 millimetres of gutta-percha (5.1.c.=4.26) is placed in water. 
Calculate the capacity of 1 kilometre length of the cable. 

The capacity of a cable per unit length (p. 189) is equal to 

K 


ae electrostatic units. 
2 logig = X 2.3026 
1 


Hence, the capacity of a length Z cms. is 


K7 
~ pene SS microfarads. 


a 
72 r. 
2 logy) = x 2.3026 x 9x 10° 107 x logy) 2 
A UA 
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In this case 72=0.45, 7;=0.15, 7=10°, K=4.26. 


_ 2.413 x 4.26 


= —7-Y —"— =0.215 microfarad. 
10” x logy 3 5 


Hence, 


SUMMARY 


The Capacity of a conductor is ¢he guantity of electricity required to 
raise tts potential by one unit. The capacity of a sphere is numerically 
equal to its radius in centimetres. 

A Condenser is axy arrangement by which the capacity of a conductor 
is artificially raised. The simplest form consists of two neighbouring 
conductors, one insulated and the other earth-connected. The Capacity 
of a condenser is the guantity of electricity required to raise the potential 
of the insulated conductor by one unit. 

Capacity of a Simple Air Condenser.—If A is the area of either 
plate, in sq. cms., and @ their distance apart then 

ca electrostatic units. 
4rd 

Capacity of a Spherical Condenser.—If the radii of the inner sphere 
and of the inner surface of the outer sphere are a cms. and 4 cms. then 

C= lade electrostatic units. 
b-a 

Standard Condensers.—The simplest types of these are (i) the 
spherical, (ii) Kelvin’s guard-ring, and (iii) Kelvin’s cylindrical con- 
denser. 

Comparison of Capacities (electrostatic methods). (i) Faraday’s 
method ; (ii) Thomson’s Null Method. 

Specific Inductive Capacity (s.1.c.). The s.1.c. of a dielectric is 
defined as the ratio of the capacity of a condenser when the dielectric is 
used to the capacity when air zs used. 

Residual Charge.—The pP.D. between the coatings of a charged 
condenser, with solid or liquid dielectric, does not remain constant 
even when the insulation is perfect. Zhe capacity of a condenser ts 
therefore more accurately defined as the amount of instantaneous charge 
required to produce unit P.D. between its plates. 

Influence of 8.I.C. on the Intensity of a Field.—The intensity of a 
field in a dielectric of s.1.c.=K is 1/K of that of a field in which air 
is the dielectric, the charges and dimensions being the same. 

If the charges are given, the electrical force between two charged 
conductors varies izversely as K. 
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If the potentials are given, the electrical force varies directly as K. 

Plate Condenser with Compound Dielectric.—If @ is the distance 
between the plates and ¢ is the thickness of a layer of dielectric of 
Sul.C,= Ik, sthen 


C= = - electrostatic units. 


ie (@-) +x} 


Measurement of 8.I.C.—(i) Boltzmann’s and (11) Hopkinson’s methods 
for solid dielectrics ; and (i) Silow’s and (ii) Hopkinson’s methods for 
liquid dielectrics. 

Capacity of Leyden Jars in-Parallel and in-Series. 


(i) 2 parallel: C=, +¢g+.... 


(ii) Zz series : fa ALD Fe 2 ah 
Cres 
Capacity of a Cable.—If 7, and 7, are the radii of the wire and of 


the solid dielectric, the capacity per wzt length is 
K 


= 
2 logy, = x 2.3026 
1 


Energy Stored up in a Charged Condenser.—If Q and V represent ~ 
the quantity of electricity and the P.D., the energy of the charge is 


2 
rer sa aeh 
If the dielectric of a plate condenser has s.1.c.=K, the energy is 
QV_ 2rd KA 


a 2 72 
2 KA*2 -ara* 
The Farad and Microfarad.—A4 condenser has a capacity of 1 farad 
when a P.D. of one volt charges each plate with one coulomb of electricity. 


1 Farad=g x 10! electrostatic units. 


I Microfarad=g9 x 10° 5 » 


QUESTIONS ON CHAPTER X 


1, A metal sphere of 5 cms. diameter has a charge of 50 units ot 
positive electricity. At four points, whose distances from the centre 
of the sphere are 20, 30, 40, and 50 cms., are charges respectively of 


+20, —15, +20, and -—50 units. What is the potential of the 
sphere ? 


in! 
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2. Two insulated spheres having radii of 3 and 1 centimetres 
respectively are placed a long way apart, a charge of 15 units is given 
to the larger sphere, what charge must be given to the smaller in order 
that the larger sphere may neither gain nor lose charge when the two 
spheres are connected by an insulated wire ? 

3. Equal quantities of positive electricity are communicated to two 
insulated metallic spheres whose radii are as five to one. What are 
their relative electrical potentials? The spheres are then put in con- 
ducting communication by means of a long thin wire, which is after- 
wards removed. What are now the relative electrical surface densities 
of the spheres? State in each case which sphere has the greater 
potential or suxface density. 

4. Define what is meant by the capacity of a condenser, and apply 
your definition to find the capacity of a system formed of two large 
parallel plates. 

5. At what distance should the plates, 3 cms. in diameter, of an air- 
condenser be placed in order to have the same capacity as a sphere 
too cms. diameter. 

6. A brass ball of diameter 16 is electrified with 136 units and is 
then put momentarily into contact,- by a long fine wire, first with 
an insulated uncharged brass ball of diameter 18, and then with an 
insulated uncharged circular brass disc of diameter 12 placed at a 
distance of 4 from, and coaxially with, a similar disc which is 
uninsulated. Show that its potential drops on these contacts by 
amounts that are as 5 to 4. 

7. A Leyden jar standing on an insulating stool is electrified by 
a machine, while its outer coating is touched by the knob of an 
exactly similar Leyden jar held in the hand. The first jar being now 
disconnected from the machine, it is taken in the hand either (1) by 
its outer coating, and presented with its knob to that of the second 
jar, or (2) by its knob and presented with its outer coating to the 
knob! of the second jar. Does a spark pass in either case? Explain 
the action. 

8. A Leyden jar A, of capacity 3, is insulated, and the outer coating 
is connected by a wire with the inner coating of another Leyden jar B, 
of capacity 2, the outer coating of which is uninsulated. If the inner 
coating of A be charged so that the potential is V, what is the potential 
of the inner coating of B? 

g. An insulated sphere of 2 cm. radius is connected by a Jong thin 
wire with another insulated sphere, the radius of which is 6 cm., and 
which is surrounded by a third sphere of 8 cm, radius concentric with 
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it. The wire which connects the first and second spheres passes through 
a small hole in the third so as not to touch it. All the spheres are 
conductors. Calculate the capacity of the two connected spheres. 

10. The inner coating of one spherical Leyden jar, whose surfaces 
have radii 12 and 14 respectively, is charged with 25 units of positive 
electricity, and the inner coating of another, with surfaces of radii 8 and 
12, is charged with 5 positive units, the outer coatings of both being 
earth connected. Their inner coatings are then momentarily joined by 
a fine wire; in which direction will electricity pass, the dielectric in 
both jars being air, and the distance between the jars considerable? 
Give full reasons for your answer. 

11. The inner coating of an insulated Leyden jar is electrified to the 
potential V, the diameters of the coatings being 4 and B, and their 
thicknesses small. Describe the electric condition of the coatings of the 
jar, and determine how much their potentials are altered, if at all, when 
the outer coating is put to earth. 

12. Within a very thin hollow spherical conductor is placed a sphere 
of the same substance, but insulated from it and concentric with it; 
their diameters are respectively 16 and 10 centimetres. The potential 
ot the inner sphere is 9, and the charge on the exterior surface of the 
spherical conductor is 24. What changes of potential would occur if 
the inner were to touch the outer sphere ? 

13. Within a spherical vessel of brass 1 cm. thick, the external 
diameter of which is 14 cm., a brass ball 8 cm. in diameter is hung by 
a silk thread so that the centres of the two spheres coincide. If the ball 
is charged with 36 units of positive electricity, and if the potential of the 
vessel is 7, what is the potential of the ball? 


14. Describe a method of comparing the capacities of two small 
condensers. A condenser is made of 2 concentric spheres (radii=a@ and 
4, 6 being the radius of the outer sphere). If the outer sphere is 


connected to earth and the inner maintained at potential V, find the 
charge on either of the spheres. 


4 Given that a frictional machine, turned steadily, generates the 
same quantity of electricity at every revolution, show how to compare 
the capacities of two Leyden j jars with moderate accuracy. No auxiliary 


apparatus but some wire and a pair of knobs on insulating pillars is to 
be used. 


16. Two Leyden jars are exactly alike, except that in one the tinfoil 
coatings are separated by glass, and in the other by ebonite. A charge 
of electricity is given to the glass jar, and the potential of its inner 
coating is measured. The charge is then shared between the two jars, 
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and the potential falls to 0.6 of its former value. If the specific 
inductive capacity of ebonite be 2, what is that of glass? 

17. What is meant by the specific inductive capacity of a substance? 
Compare the attraction between two parallel plates maintained at given 
potentials (i) when the space between the plates is filled with air, 
(ii) when the space is half filled by air and half by a parallel plate of a 
dielectric whose S.1.C. is Io. 

18. What is electrostatic capacity? What is the capacity of a 
condenser made of sheet glass 2 mm. thick with tinfoil coatings each 
30 cms. square, if the specific inductive capacity of glass is 7.5? 

19. The area of one of the coatings of a Leyden jar is 1000 sq. cm., 
the specific inductive capacity of the glass is 5, and its thickness 3 mm. 
What is the radius of a conducting sphere which has the same electric 
capacity as the Leyden jar? 

20. Two electrified balls are in presence of each other: in what way 
is their mutual action modified by the introduction of a thick glass plate 
between them? Give reasons for your answer. 

21. A sphere of radius 40 millimetres (mm.) is surrounded by a 
concentric sphere of radius 42 mm., the space between the two being 
filled with air. What is the relation between the capacity of this system 
and that of another similar system in which the radii of the spheres are 
50 and 52 mm. respectively, and the space between them is filled with 
paraffin of specific inductive capacity 2.5? 

22. Paraffin has a higher specific inductive capacity than air. If an 
electrified ball be suspended in an insulated conducting vessel which it 
does not touch, state what change, if any, will be produced in the 
electrical condition of the system by pouring melted paraffin into the 
space between the two. 

23. Two uncharged insulated brass plates, each metallically connected 
with the cap of a separate electroscope, are placed parallel to each 
other. One is charged, and then a plate of shellac is inserted between 
them. What effects are produced on the electroscopes during these 
operations ? 

24. Two equal horizontal metal discs A and B are placed sym- 
metrically one over the other and separated by air, A being insulated 
and B earth-connected. When A is charged the plates attract each 
other. Will the attraction be the same when the space between them 
is filled with paraffin? Give reasons. 

25. What is meant by charging Leyden jars in cascade? Three 
Leyden jars whose capacities are 0.5, 1.0, and 1.5 are arranged in 
cascade. What is the capacity of the combination? 
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26. A charged isolated sphere is connected by a fine wire to a similar 
uncharged sphere of double the radius. Neglecting the capacity of the 
wire, find the loss of energy in terms of the energy of the original 
charge. 

27. Two Leyden jars, A and B, receive charges of +50 and — 30 
units respectively, their outer coatings being earth-connected, and their 
knobs at potentials 20 and —10. Determine the energy of discharge of 
each jar after their knobs have been in contact with each other. 

28. Two Leyden jars are charged with quantities of electricity in the 
ratio 2:3. If in the jar which receives the larger charge the tinfoil 
surface is twice as great and the glass is twice as thick as in the other, 
compare the quantities of heat produced by discharging them. 

29. Two condensers are exactly alike, except that one has air and 
the other glass for the dielectric. Equal charges are given to the two 
condensers. In which is the energy of the charge greater ? 

30. A Leyden jar consists of two concentric spherical surfaces of 5 and 
6 cm. diameter respectively, the intervening space being filled with air. 
The outer sphere is uninsulated, the inner is charged with 20 units of 
electricity. How much work is done when the inner sphere is put to 
earth ? 

31. Two spheres, of diameters 6 and 10 centimetres respectively, 
placed at a distance from each other, are charged with 8 and 12 units of 
positive electricity respectively. They are then connected by a fine 
wire. Does any spark pass? Ifso, how much energy is dissipated ? 

32. Two Leyden jars, whose capacities are 1 and 2, receive charges 
3 and 4 respectively. Compare their combined electric energies before 
and after their knobs have been in contact. 

33. A condenser A has plates of area 1000, and dielectric of thickness 
45 another condenser B has plates, area 800, and the same dielectric of 
thickness 5. Compare the charges and energy in A and B, when they 
are connected A to a source of potential 4, and B to a source of 
potential 5. 

34. A and B are two similar condensers, but the dielectric between 
the plates of A is air, and that between the plates of B is paraffin of 
inductive capacity 2. Both are insulated and connected in series, the 
inner coating of A and the outer of B being connected to the terminals 
of an electric machine. Calculate the ratio of the energies of the 
charges possessed by the two condensers. 

35. Three similar Leyden jars A, B, C, are connected in series, the 
inner coating of A to the outer of B, the inner of B to the outer of C, 
the inner of C to the outer of A. The terminals of an electricai 
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machine are connected to the inner coatings of A and C, the jars are 
charged and disconnected. Compare the energies of the charges in 
each. ; 

36. Describe an experiment for comparing the specific inductive 
capacities of two non-conducting liquids. 

37. A condenser consists of 192 circular sheets of tinfoil separated by 
mica (S.1.C.=6.6) 0.4 millimetre thick. What must be the radius of 
the sheets if the condenser has a capacity of 4 microfarad. 

38. If the average radius of the earth is 6370 kilometres, calculate its 
capacity in microfarads. 

39. How can three condensers, each having a capacity of 4 micro- 
farad, be arranged so that the capacity of the combination is 2 micro- 
farad ? 

40. Determine the capacity of a cable 20 kilometres long, consisting 
of copper wire 3 millimetres diameter insulated with guttapercha 6 
millimetres thick, when immersed in water. (S.I.c. of guttapercha, 
=4.26 . Log;)5=0.699.) 

41. How would you compare the capacity of a Leyden jar with that 
of a standard condenser by some one method? Describe the pre- 
cautions that must be taken to secure an accurate result. 

42. A parallel sided slab of dielectric, 5 cm. thick, and of specific 
inductive capacity 2, is placed between the plates of an air condenser, 
consisting of two very large flat plates at a distance of 10 cm. apart. 
What will be the effect on the difference of potential between the plates 
of the condenser, of the introduction of the slab, and to what distance 
apart must the plates be moved to bring the potential back to its 
original value ? 

43. State Gauss’s theorem, and deduce from it the capacity of a long 
condenser consisting of two concentric cylinders. 


CHAPTER XI 
ELECTROMETERS 


Attracted Disc Electrometers.—The first instrument for 
the quantitative measurement of potential-difference was con- 
structed by Sir William Snow Harris, and its principle depended 
upon the force of attraction between two conductors charged to 
the potential-difference under observation. The instrument 
consisted of a circular plate suspended from one end of a 
balance-beam and _ counter- 
poised by weights placed in a 
pan suspended from the other 
end of the beam. Immediately 
under the circular plate was fixed 
an insulated plate of similar 
dimensions. When a potential- 
difference is set up between the 
‘ plates the upper plate is at- 
Fic. 140.—The Principle of an Attracted ee down we BES 

Disc Electrometer. depending upon the magnitude 

of the potential-difference, and 

this force can be determined by adjusting the counterpoise 
until it is just balanced. Accurate results are impossible with 
an instrument of such simple construction, since the tubes of 
force are not uniformly distributed over the surfaces of the 
plates; but this difficulty has been overcome in Kelvin’s 
Absolute Electrometer by surrounding the attracted disc (C, Fig. 
140) with a guard-ring B, the aperture of which is slightly 
larger than the area of the disc. The effective area of the disc 
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is the mean of the areas of the disc 4nd the aperture. The 
guard-ring and disc are electrically connected by a wire joining 
the guard-ring to the metal supports of C. C is suspended 
from the lower arms of three fine springs (shaped like carriage 
springs) distributed uniformly round the upper surface of C. 
The upper arms of the springs are attached to a glass rod 
supported from a brass rod on which a fine screw thread is cut. 
If V, and V, are the potentials of C and A respectively, and 
if S=the effective area of the attracted disc, d=the distance 
between C and A, o=the density of charge on either surface, 
and F =the intensity of the field of force, then 
the force (f) acting on the attracted disc 


-* oe So = 427 <o0j— 27029) 
iets. : SAEAE 
Also b= 7 TAT hence c= rear 
V,= V2\*_(Vi;— V5 
Therefore, j= aS( aed ) Te are 


ead? 
Hence (V,—V.)=\ Sal 


The method of determining the force (/) may be explained 
thus: The screw support of C is so adjusted that it is in the 
same plane as B, and a small weight (#7 grams) is placed on C, 
which is thus depressed below the level of B. The disc C is 
now raised by its screw support until it is again in its original 
plane. The force now acting on C is mg dynes (where g=981 
cm./sec.”). The weight is then removed. If a field of force is 
set up between A and C, the plate A is raised until the electro- 
static attraction pulls C downwards into its original plane, when 
the force of attraction must be equal to mg dynes. The 
potential difference between A and C ts given by the eguation 

Vi -V.=aJ &rme/S. 

In actual practice it is difficult to measure d accurately, 
whereas it is easy to measure d@iferences in the distance if the 
support of A carries a fine scale and vernier. For this reason 
the plate C is charged to a constant high potential, V, while 
the plate A is earth-connected and raised or lowered until C is 
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flush with the guard-ring ; the scale attached to A is then read. 
A is now insulated, connected to the conductor the potential of 
which is required, moved up or down until C is again flush with 
the guard-ring, and the scale reading noted. The difference 
between the scale readings gives the difference between the 
distances separating A and C in the two observations. If V is 
the potential of C, V, and V, the successive potentials of A, 


then V—V,=a,N8rmeg/S, and V—V,=adN87meg/S. 
Hence V,- Vy =(di— d,)V8ameg]S. 


Fig. 141 represents the complete instrument. The outer and 
inner surfaces are for the most part coated with tinfoil, so that 
the case serves as a Leyden jar. 
The inner coating is connected 
to the guard-ring (B) and at- 
tracted disc (C). A veplenisher 
(p. 213) R has its inductors con- 
nected to the inside and outside 
respectively of the Leyden jar ; 
by this means the potential of 
the inside may be raised or 
lowered to any desired extent. 
The constancy of potential of 
the jar is observed by the gauge 
(Fig. 142) which is supported 
on the cover of the instrument 
(J, Fig. 141): the gauge itself is 
an attracted disc electrometer, 
in which a square piece of 
aluminium # is supported in 
an orifice in the plate G by 
means of a stretched wire f. 
One side of the disc terminates in a long arm # which is forked 
at the end, and a black hair is stretched between the points of 
the fork. Immediately below @ is a circular disc connected to 
the inside of the jar, and the attraction due to this is balanced 
by the torsion of the wire. The potential of the inside of the 
jar is regulated so that the hair is situated between two black 
dots on a white surface fixed behind the hair. The position of 


LO 


Fic. 141.—Kelvin’s Absolute Electro- 
\ meter. 
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the plate A (Fig. 141) is observed by means of the vertical scale 
m and a circular graduated plate fixed to the screw. The 
attracted disc is of alumin- 
ium and may be raised or 
lowered by the milled-head 
C. A black hair is attached 
horizontally to the disc ; the 
image of the hair formed by 
the lens Z is made to coincide 
with the two screwpoints at 
V, which are viewed through 
the lens 7’. 

EXAMPLE.—The attracted disc of an absolute electrometer 
was so adjusted that a weight of 0.26 gram was required to pull 
it down to the sighted position. The weight was removed, the 
instrument charged, and the lower plate (earth-connected) was 
adjusted until the attracted disc was in the sighted position. 
After reading the scale of the lower plate, it was insulated and 
connected to the positive pole of a water-battery, the negative 
pole of which was earth-connected. It was found necessary to 
raise the lower plate through a distance 0.205 cm. in order to 
bring the attracted disc into the sighted position. If the area 
of the disc was 16.51 sq. cms., find the potential-difference of 
the battery terminals. 

In the formula V,—V)=(d,—%)V8zmz/S, 

V.)=0, d@,-—ad=0.205 cm., m=0.26gm., g=981, S=16.51. 

Hence V, =0.205\/8r x 0.26 x 981/16.5 5 

=0.205 X 19.704 = 4.039 electrostatic units.! 

This mode of using the instrument is termed eterostatic, 
since an auxiliary charge is used which is independent of those 
under examination. If only the latter are used the method is 
termed diostatic, but there is the disadvantage that the absolute 
distance between the plates would have to be measured. 

The Quadrant Electrometer.—This instrument, designed 
by Lord Kelvin, is used for the accurate measurement of 


Electrometer. 


1Since 1 electrostatic unit of p.p.=3X10l electromagnetic units (p. 521), and 
since the vol/f=108 electromagnetic units (p. 293), the potential-difference of the 
4.039 X 3 X 1010 


ro! 


battery terminals= =1211.7 Volts. 
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potential-differences. It consists, in its simplest form, of a flat 
metal needle suspended, by means of a fine vertical fibre, hori- 
zontally and symmetrically over an insulated metal disc which 
has been cut into four quadrants. Opposite quadrants are con- 
nected together by wires, and the needle is so adjusted as to lie 
symmetrically over one of the diameters dividing the disc. 
If the needle is charged positively, also one pair of quadrants 
positively and the other pair negatively, the needle is repelled 
by the former and attracted by the latter, until the electrical 
forces are balanced by the torsion in the suspending fibre. 

In the later forms of the 
instrument the four quadrants 
are made from a flat cylin- 
drical brass box (Fig. 143), 
and each quadrant is sup- 
ported by means of glass 
rods. The needle is a flat 
aluminium sheet of dumzb-bell 
outline, and is suspended 
inside the quadrants. The needle is attached to the lower end 
of a rigid wire, to which a mirror is attached ; a platinum wire 
hangs below the needle and dips into a quantity of pure _ 
sulphuric acid which forms the inner coating of a Leyden jar 
(Fig. 144) ; tin-foil on the outside of the vessel forms the outer 
coating of the jar. The needle and its attachments were formerly 
suspended by two silk fibres, constituting a dzfilar suspension ; but 
it has recently been found that a single quartz fibre is a more 
satisfactory form of support. The Leyden jar (and needle) are 
charged through the charging rod (Fig. 144), and its potential 
is regulated by the gauge and a replenisher. Each pair of 
quadrants has an external electrode. If V, V,, and V, are the 
potentials of the needle and the two pair of quadrants, and c is 
a constant depending upon the dimensions of the instrument, 


it can be proved that the deflection @ of the needle is given by 
the equation! 


Fic. 143.—The Quadrants and Needle of a 
Quadrant Electrometer. 


6=c(V,-V2)(v-“2t¥3), Lean neerenesteeostoss (1) 


1 The derivation of this equation is explained on p. 210. 
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In practice, the potential of the needle is much higher than 
that of either pair of quadrants, so that V may be regarded as 
great in comparison to (V,+V,)/2.. Hence 
@=c(V,—V.) V approximately. ...........c00000 (2) 


CHARGING 
ROD 


Fic. 144.—Kelvin’s Quadrant Electrometer. 


The potential difference (V, — V.) is determined by previously 
connecting opposite pairs of quadrants to two points of known 
potential difference (V,;—V,) (¢.g. the terminals of a standard 
battery), and the deflection 6, observed, when 0,=c(V3— V4) V. 

Hence 6/8,=(Vi- V2)/(V3— Va)s 

or (V,—V_)=(Va— V4) 6/6). 
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It is evident, from equation (2) above, that the instrument is 
applicable to the measurement of small potential differences only 
when the needle is charged to a high potential, as otherwise 
the deflection obtained would be inconveniently small. This 
method, in which a constant and independent potential is given 
to the needle, is known as 
the heterostatic method 
of using the instrument. 
When considerable dif- 
ferences of potential are 
to be measured the in- 
dependent charging of 
the needle is unneces- 
sary ; the needle is then 
connected to one pair of 
quadrants, and the e/ec- 
trodes are connected to 
the conductors, the 
potential difference be- 
tween which it is desired 
to measure; this isknown 
as the zdzostatic method 
of using the instrument. 
With this arrangement 
the instrument may be 
regarded as an air con- 
denser, one plate of 
which is movable. 

A simple and. highly 
efficient type of qua- 
drant electrometer has 
recently been designed 
by Dr. F. Dolezalek 
(Fig. 145). The quadrants are insulated on rods of amber, and 
two adjacent quadrants can be rotated so as to allow ready access 
to the needle. The needle consists of paper thinly coated on 
one side with metal, and is suspended by means of a quartz fibre, 
which affords high insulation. In some of the instruments a 
charging key enables the needle to be momentarily connected to 


yen 
=V 


Fic. 145.—The Dolezalek Electrometer. 
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a source of E.M.F.; in other cases, the quartz fibre is rendered 
conductive by previous immersion in a solution of calcium 
chloride or other hygroscopic substance. The lightness and 
dimensions of the needle render the instrument practically 
‘dead-beat.’ 

By connecting the needle of a quadrant electrometer to one 
pair of quadrants the instrument may be. used for the measure- 
ment of rapidly alternating potentials. The formula to be used 
in this case is derived from equation 1 (p. 206) in the following 
manner: if the needle is connected to the quadrants which 
have an instantaneous potential V,, then V=V,, hence 


7 
6=(V,-V,)( v,-2+¥2) 


2 
=c(V,-V.)?. 

The deflection remains constant since the value of (V,—V,)? is 

the same whether (V,—V,) is positive or negative. 
Electrostatic Voltmeter.—For the measurement of high 
differences of potential, of 1000 volts or more, Lord Kelvin has 
designed the electrostatic voltmeter (Fig. 146) 
which, in principle, closely resembles the 
quadrant electrometer used idiostatically 
and may be regarded as an air condenser. 
It consists of a vertical aluminium plate A 
pivoted on horizontal knife edges ; a small 
weight w is attached to the lower end of A 
and serves to control its position, and a 
pointer A moves over a circular scale. The 
two fixed plates Q and Q’ are insulated and 
fixed parallel to each other on opposite 
sides of A. When the movable and fixed 
plates are charged to different potentials 
the former moves so as to increase the 
electrostatic capacity of the condenser until 
the couple due to the electrical forces is balanced by that 
due to the weight w; the former couple is proportional to 
the sguare of the potential difference between the plates 
(p. 182). Different grades of sensibility are obtained by using 


different controlling weights. 


Fic. 146.—Kelvin’s 
Electrostatic Voltmeter. 
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It is important to notice that this instrument may be used 
for measuring rapidly alternating potentials, for the deflection 
will remain unaltered when the potential-difference is reversed. 
Another advantage is that no current passes through the 
instrument, and no power is therefore wasted. 

For measuring differences of potential varying from 50 to 800 
volts Lord Kelvin has designed the multicellular voltmeter, 
which consists of a number of vanes similar to that in Fig. 146 
attached horizontally at equal distances on a vertical spindle of 
aluminium wire suspended from a torsion head by means of a 
fine platinum wire. A vertical row of fixed quadrants are 
adjusted so that each vane moves between two quadrants. 
The deflection of the vanes is observed by means of an 
aluminium pointer fixed to the top of the spindle and moving 
over a horizontal circular scale. 


Theory of the Quadrant Electrometer.—Equation (1) on 
p. 206, may be derived in the following manner: Let A (Fig. 
146A) be a rectangular 
plate free to move ina 

B (V1) Cc (V,) horizontal plane, and 
= = aimee aae aa parallel to two hori- 
zontal fixed plates B 
and C. Let the plates be charged to constant potentials V, V; 
and V, respectively, where V>V,>V,. The arrangement 
constitutes two condensers AB and AC; and the relative 
capacities of these depends upon the position of A in the 
plane in which it is free to move. The electrical forces tend 
to make A move from left to right; and, if any movement 
takes place, the total energy of the condensers is increased by an 
amount equal to the work done by the electrical forces; and this 
increase in the energy is derived from the source of potential 
difference to which the plates B and C may be joined. 

If, in the first instance, plate A is situated so that the por- 
tions of its surface superposed above the plates B and C are 
A, and A, respectively ; and if d is the perpendicular dist- 
ance between A and either B or C, then 


A (V) 


KA,(V -V,)2 KAY - Vi)". 


Initial Energy = 8nd i (1) 
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Let % be the width of plate A perpendicular to the plane 
of the paper ; and let plate A move from left to right through 
a distance /; then the areas become (A, —#/) and (A, +41) ; 
and 


Final Energy 
_ K(A, —21) (V -—V,)? | K(A, + 41)(V —V;)? 
at eed ne Sad a bopaes (2) 


Hence 


Increase in Energy 
K 
=5-3{(V -V.)*(-42) +(V -V,)* (x1) } eiberet x (3) 


Let f be the electrical force acting on each unit length of 
the edge of the plate A, then 


Work done by the electrical force =fxl ergs. ...... (4) 


Kal 


Hence j4i = Sad 


AD nbkieomiarsndig 
or fag {2v(V, =) al Van -v,)} 
=e { (Vs -V,) @V-V,4V)} 


~E{(v.-vow 42%) 


The quantity K/42d is a constant depending upon the 
conditions of this imaginary experiment. In the real case of 
a quadrant electrometer, f represents the couple tending to 
produce rotation of the needle ; and, in the final position of 
equilibrium, is balanced by the torsional couple set up in the 
suspension. The torsional couple is proportional to the 
angle (6) of deflection; hence the above equation may be 


written 
a=c{(V.-V,) (v eae 


where c is a constant depending upon the constructional data 
of the instrument. 
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SUMMARY 


The Attracted Disc Electrometer.—lIf d is the distance between the 
attracting discs, at potentials V, and V., when the attracted disc is 
drawn into the ‘sighted’ position, and if mg is the force necessary to 
pull the attracted disc into the same position when both plates are 


uncharged, then 
V, -— Vo=aNn 8rmg/S, 
where S is the mean area of the attracted disc and the gap in the guard- 
ring. 
The Quadrant Electrometer.— When the suspended vane is charged 
to a constant potential V, and opposite pairs of quadrants to potentials 
V, and V, respectively, the deflection @ is given by the equation 


a=¢(V,~V,)(v-3E¥8) 


where c is a constant depending upon the dimensions of the instrument. 

The Electrostatic Voltmeter resembles in principle the quadrant 
electrometer. The movable vane is pivoted so as to move in a vertical 
plane. The instrument is used for measuring potential differences of 
1000 volts or more. 

For smaller differences of potential the multicellular voltmeter may 
be used. Both these instruments possess the great advantage of being 
available for alternating current circuits. 


QUESTIONS ON CHAPTER XI 


1. An insulated plate 10 cms. in diameter is charged with electricity 
and supported horizontally at a distance of 1 mm. below a similar 
plate suspended from a balance and connected to earth. If the 
attraction is balanced by the weight of one decigram, find the charge 
on the plate (g=980 C.G.s.). 

2. An uninsulated metal plate, of area 150 sq. cms. and surrounded by 
a guard-ring, is suspended from the end of one arm of a balance, at the 
opposite end of which is a counterpoise. Below this plate, at a distance 
of 2 cms., is a large insulated plate. When the latter plate is charged 
it is found that 38 milligrams have to be added to the counterpoise 
in order to-keep the suspended plate flush with the guard-ring. Find 


the potential of the lower disc, and state the units in which the answer 
is expressed (¢=980). 
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3. Explain what is meant by difference of potential, and describe 
some method by which it can be measured in absolute units. 

4. Describe some form of quadrant electrometer, and explain how it 
may be used to compare the E.M.F.’s of two batteries. 

5. A is a gold leaf electroscope, B a quadrant electrometer. For 
measuring small potential differences B is found to be more sensitive 
than A; does it necessarily follow that it will be more sensitive for 
small charges? Give reasons for your answer. 

6. Describe the attracted disc electrometer, and explain how it can be 
used to measure differences of potential. 


CHAPTER XII 
ELECTRICAL MACHINES. ACTION OF POINTS 


Types of Electrical Machine.—Any mechanical appliance 
designed to produce electrical effects on a large scale may be 
termed an Electrical Machine. The types depending on 
Friction (¢,¢. the Glass-cylinder Machine) have been entirely 
teplaced by machines depending on Induction, of which the 
electrophorus (p. 162) may be regarded as the simplest type. 

The Glass-cylinder Machine.—This consists of a glass 
cylinder mounted on a horizontal axis which can be rotated by 
means of a handle. When rotated the glass is positively 
electrified by rubbing against a silk pad fixed on an insulating 
support on one side of the cylinder. On the opposite side of 
the cylinder a horizontal metal comb, the teeth of which project 
towards the cylinder, is supported on an insulating stand. The 
teeth of the comb become negatively charged by induction 
from the positively charged glass passing near to them; a 
stream of negatively charged air leaves the points of the comb 
and neutralises the charge on the glass, while the comb itself 
remains positively charged. Meanwhile the uncharged glass is 
again charged on passing the silk pad. In order to obtain 
a continuous supply of positive electricity on the comb it is 
necessary to connect the silk pad to earth. A supply of negative 
electricity may be obtained from the silk pad by disconnecting 
it from earth and earth-connecting the metal comb. If both 
the comb and the silk pad are insulated and joined by a wire, a 
continuous transfer of electricity takes place along the wire, 
constituting a weak electric current. 
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MACHINES DEPENDING UPON INDUCTION 


Kelvin’s Water-dropping Apparatus.—The water-dropping 
apparatus devised by Lord Kelvin is perhaps the simplest 
arrangement which can be devised in 
order to explain the principle upon which 
all induction machines are based. A, 
B, C, D (Fig. 147) are four insulated 
metal cylinders, of which C and D 
contain metal cones with narrow open- 
ings at the apex. A and D, also B and 
C, are connected together by wires. F 
is a T-tube connected to a water-tap; 
the arms of the T-piece are bent vertically 
downwards and fixed so that the ends are 
within the cylinders A and B. Suppose 
A and D to have a very slight positive 
charge. A drop of water collecting on 
the jet within A will, since it is earth- 
connected, acquire a slight negative 
charge which it will carry downwards to 
C when it leaves the jet; C and B thus 
acquire a slight negative charge. The 
drops falling through B will now acquire 
a positive charge which will be carried downwards and imparted 
to D. The charges on A and B will thus mutually augment 
each other. The charges acquired may be observed by con- 
necting AB and CD to two separate gold-leaf electroscopes. 
A and B may be termed Inductors, also C and D may be termed 
Collectors. 


dropping Apparatus. 


The energy represented by the charges acquired by the cylinders is 
derived from the kinetic energy of the falling drops of water. Owing 
to the repulsion between the charges on a falling drop and on the 
cylinder which it is approaching, the velocity of the drop is slightly less 
than it would be if the cylinders were uncharged, and rhe loss of kinetic 
energy is a measure of the energy of the charge imparted to the cylinder. 


Kelvin’s Mouse Mill (or Replenisher).—Figs. 148 and 149 
represent a general view and a horizontal section of this simple 
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form of induction machine, devised by Lord Kelvin for use with 
his absolute electrometer. R is a vertical rod of vulcanite which 
can be rotated by a milled head attached to its upper end; 
R carries two horizontal vulcanite arms on the ends of which 
are mounted two curved metal carriers C and D, their radu 
being inclined at an angle to the arm supporting them. A and 
B are cylindrically shaped pieces of metal which are insulated 


Fic. 148.—Kelvin’s Mouse Mill. 


Fic. 149. 


and serve as zzd@uctors. The springs s and s’ are fixed to A and 
B, and project inwards through holes in the plates. Sand S’ 
are connected together by a wire M and insulated from other 
parts of the apparatus. Szfpose that A has a small positive 
charge, and that the carriers are rotated in the direction shown. 
C and D become connected through S and S’, and will acquire 
negative and positive charges respectively. Contact is broken 
while still under the influence of A, and the carrier C will subse- 
quently touch the spring s’ and give up its negative charge to 
B (since it is practically surrounded by the inductor B). On 
touching S’‘, the carrier C will acquire a positive charge which 
is subsequently given up to A. _In this manner opposite charges 
accumulate on A and B. By rotating in the opposite direction 
the charges are gradually diminished. The energy represented 
by the accumulated charges is derived from the mechanical 
work done in separating the oppositely charged carriers and 
inductors. 


Toepler’s Influence Machine (sometimes termed the Voss 
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Machine).—This machine, introduced in 1865, consists of two 
discs of glass, one of which is fixed and the other rotates 
in front of it. The theory of the machine is best explained 
by Fig. 150, in which the 
inductors and carriers are 
represented as portions of 
two concentric cylinders, the 
outer one of which cor- 
responds to the fixed plate. 
The two inductors A and 
B are fixed to the back 
of the stationary plate; the 
carriers a, 3%, c, etc. are fixed 
to the front of the rotating 
plate. C is an _ insulated 
metal arm terminating in the 
metal brushes which touch 
opposite pairs of carriers as 
they pass. D and E are collecting combs connected to the 
discharging knobs at F. Each inductor carries a metal brush 
(721, #2) which touches each carrier as it passes. 

Imagine that one of the sectors, d, has a slight positive charge. 
On passing the brush 7,, a portion of its charge will be acquired 
by the inductor A and will act inductively on the carriers 
f and ¢, which acquire a slight negative and positive charge 
respectively. The carrier / will subsequently give up part of its 
negative charge to B, and the carrier ¢ will at the same time 
augment the positive charge on A. In this manner the charges 
on the inductors rapidly increase, thus increasing the charges 
induced on the carriers. Finally, since the carriers will still 
retain a portion of their charges after passing the brushes 7 
and 7, the metal combs (D and E) will acquire positive and 
negative charges, and a series of sparks will pass between the 
discharging knobs. 

As a rule the machine is self-starting ; but if it is not so, a 
piece of charged sealing-wax may be held for a moment opposite 
the sector c. 

The Wimshurst Influence Machine.—This machine (Fig. 
151) consists of two varnished glass-plates, placed as close 


Fic. 150.—Diagram of the Toepler Machine. 
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together as possible, and geared so as to rotate in cpposite direc- 
tions. An even number of metal sectors is fastened on the outer 
surface of each plate, and these sectors serve both as inductors 
and carriers. A conductor with wire brushes at the ends is fixed 
diagonally across the face of each plate. Two Leyden jars are 
often supported on the base-board of the machine with their 


Fic. 151.—The Wimshurst Machine. 


knobs connected to the collecting-combs by movable wires. 
The action of the machine may be explained by Fig. 152, in 
which the two plates are represented as two concentric cylinders 
of glass rotating in opposite directions. The neutralising brushes 
are represented by 2%, and 4. In order to start the 
machine it is sufficient if one of the sectors has a slightly 
different potential from that of the others ; as a rule this is the 
case, and the machine is then sedf/-starting. Imagine that one 
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of the back sectors at the top of the diagram has a slight 
positive charge. When it comes opposite the brush 7, it will 
act inductively on the sector touching ,, giving to it a slight 
negative charge, and simultaneously giving a positive charge to 
the sector touching 7. These sectors, with their induced 
charges, leave the brushes and rotate into positions opposite 


Fic. 152.—Diagram of the Wimshurst Machine. 


the brushes 7, and 2,; the sectors touching #3 and 7, will now 
receive induced positive and negative charges respectively, 
which they will retain after leaving the brushes. Thus, after 
one or two revolutions, all sectors approaching the left-hand 
comb will have positive charges, and all sectors approaching 
the right-hand comb will have negative charges, The sectors 
will be neutralised by the combs, the knobs connected to which 
will acquire positive and negative charges respectively. 

The theory of the Wimshurst Machine, as explained above, 
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has been verified by constructing a machine with plates of thin 
flexible insulating material instead of glass. If the collecting 
combs are removed, and the plates rotated, the dises will be bent 
together at the top and bottom, and bulge apart at the sides. 

The quantity of electricity’ generated in a given time ts 
proportional to the speed of revolution, but the potential 
difference between the terminals ts independent of the speed. 
An influence machine may be regarded as a source of electric 
current in which both the potential difference and the internal 
resistance are very high; with a machine of average size, the 
P.D. may amount to 50,000 volts, and the internal resistance 
to 10° ohms (the latter varying inversely as the speed). 

The Action of Points.—It has been previously stated (p. 129) 
that the density of the charge on the surface of an insulated 
conductor is only uniform when the curvature is the same at all 
points of the surface (ze. when the surface is spherical), and 
that the density is greatest on those parts of the conductor 
which have the greatest curvature. The cause of this effect 
may be more clearly understood by considering the case of two 
insulated spheres (of radii 7, and 7) which are insulated and 
connected by a thin wire. If V is the common potential, o, and 
o, the denszty of the charge on the spheres, then 

01=Q)/4r7P=CV/4rr2=nV/4nr?2=Vi4rr, 5 
also g2=V/4rr,, Hence oy/0.=7/7,, or, the densities of the 
charges are inversely proportional to the radii. Consequently, 
if the smaller sphere is reduced in size until it becomes a mere 
point, the density on its surface becomes very great compared 
with that on the larger sphere. 

The air particles in contact with a surface on which the 
density of charge is great acquire a portion of the charge and 


are electrically repelled. This action continues until the 
conductor is discharged. 


Expt. 62.—Attach a sewing-needle to one terminal of a Wimshurst 
machine by means of soft wax, taking care that the needle and terminal 
are in metallic contact. Connect the other terminal to earth. On 
turning the machine hold a candle flame near to the point and observe 
how it is blown aside. Transfer the needle to the other terminal and 


1 Kohlrausch, with a Holtz Machine, obtained only 1 c.c. of mixed gases in 4o 
hours from the electrolysis of water. 
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repeat the experiment. Allow the current of air to impinge on an 
insulated metal plate, and verify that the charge acquired is the same as 
that of the terminal to which the needle is attached. 

If the pointed conductor is free to move, the mutual repulsion 
between the point and the air in contact with it will cause the 
point to move in the opposite direction. This explains the 
principle of Hamilton’s mill, The effect is greater when 
the discharge is fosztzve than when negative, 

Lightning Conductors.—If a pointed conductor is charged 
by induction the same phenomena observed in Expt. 62 will 
take place. 5 

ExPT. 63.—Hold a needle in the hand with its point towards the 
terminal of a Wimshurst machine. Hold a metal plate between 
the point and the terminal and verify that the plate is now charged 
oppositely to the terminal used. 

This explains the action of ightning conductors. In certain 
atmospheric conditions clouds become charged to a high 
potential, and a disruptive discharge may take place either 
between oppositely charged clouds or between a cloud and the 
nearest point of the earth (where an induced opposite charge 
will be distributed). By fixing an earth-connected point above 
the highest part of a building the charge on the cloud will be 
partially or completely neutralised by the current of charged air 
proceeding from the point. A flame, owing to its conductivity, 
will serve as a lightning protector, but it is not so efficient as a 
metal point. Further details concerning lightning conductors 
are given on p, 228. 

Character of the Discharge from an Electrical Machine.— 

(i) SPARK DISCHARGE.—The intensity and the frequency of 
the spark discharge depends largely upon the capacity of the 
discharging terminals. If no Leyden jars are connected to 
the terminals the spark is frequent and not very luminous ; but 
if the capacity is raised by connecting a Leyden jar to each 
terminal, the time required to produce the potential-difference 
necessary to break down the insulating power of the dielectric 
is increased, hence the sparks are less frequent, but at each dis- 
charge a much greater quantity of electricity passes between the 
terminals, and the sparks are therefore far more brilliant 


(Fig. 153). 
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The length of spark depends upon (i) the P.D. between the 
terminals, (ii) the dielectric, (ili) the shape of the terminals, and 


Fic. 153.—The Spark Discharge. 


length of spark increases. 


(iv) the pressure (if the 
dielectric is a gas) ; but 
it seems to be indepen- 
dent of the metal of 
which the terminals 
consist. The maximum 
strain which any di- 
electric is capable of 
bearing may be ex- 
pressed by the fall ot 
potential per unit length 
of the dielectric, and 
is generally known as 
the dielectric strength. 
Lord Kelvin found that 
the dielectric strength 
becomes, less as_ the 


The following table, based upon the 


results obtained by Baille,! gives the P.D. in vo/¢s required to 
spark through air, at 760 mms. and 15°-20°C., between parallel 
plates and between spheres of different size. 


Spark Length Flat Dielectric | Spheres Spheres 
in cms. plates. Strength. | 6 cms. diam. 1 cm. diam. 
0.05 2682 53040 2688 2754 
0.10 4410 44100 4440 4530 
0.20 7626 38130 7680 7860 
0.30 10603 35340 10830 10470 
0.40 13431 33580 13500 12750 
0.50 16341 32682 16530 16410 
0.60 19146 31910 19560 19200 
0.70 22230 31757 22620 22590 
0.80 25458 31820 26400 26010 
0.90 28420 31577 29220 28770 

1.00 31647 31647 33870 31620 


1 Annales de Chimie et de Physique, xxv., 1882. 
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For spark lengths greater than 0.2 cm. the relationship 
between the P.D. and the spark length in air may be represented 


by the equation 
V=1500+ 30,000 Z 


where V is the P.D. in volts and d is the distance in centi- 
metres. 

If the P.D. is only applied for a short time the air can with- 
stand a much higher P.D. without a spark passing, in fact in all 
cases there is an appreciable lapse of time, known as the ‘lag,’ 
between the application of a P.D. and the passage of a spark. 
Also the passage of the first spark facilitates the passage of 
subsequent sparks, and this effect remains for several minutes. 
It has also been observed that the illumination of the negative 
terminal by ultra-violet light facilitates the passage of a spark. 
Experimental evidence has been obtained which proves that a 
spark is preceded by an extremely small current, which indicates 
that the air acquires slight conductivity. 

Sir J. J. Thomson! has explained how the ‘lag’ may be 
attributed to the presence of a few negatively charged ions 
(p. 463) in the air between the plates; and these, under the 
influence of the strong field, acquire a high velocity and by 
violent collision with other molecules give rise to further 
ionisation of the air. In this manner the air gradually acquires 
conductivity, followed by the passage of a spark. The ‘lag’ 
would of course be diminished by any agency which accelerated 
the ionisation of the air, and it is known that this property 
is possessed by ultra-violet light. 

With a constant spark length the P.D. required to cause the 
passage of a spark diminishes when the fressure on a gaseous 
dielectric is diminished ; at first the fall in the P.D. is in direct 
proportion to the fall of pressure, but after acquiring a minimum 
yalue, at a pressure termed the critical Pressure, it finally 
increases with great rapidity. The ‘critical pressure’ for air 
between parallel plates is about 3 mms. of mercury. Paschen 
has proved that 2f the product of the pressure of the gas and the 
length of spark is kept constant the P.D. required to produce the 
spark 7s also constant: this is known as Paschen’s Law. The 


1Phil. Mag., p. 278, 1900. 
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minimum P.D. below which no spark is obtained, however short 
the path, has been found to be 350 volts. 

The relative dielectric strengths of different media, approxi- 
mately expressed in kilo-volts per centimetre of spark length, 
are given in the following table. 


TABLE OF DIELECTRIC STRENGTHS 


Substance. Seces 
Air, - - - 23'8 
Hydrogen, - - 22.2 
Paraffined paper, 360.0 
Turpentine,- —- 94.0 
Paraffin oil, - - 87.0 ‘ 


(ii) BRUSH DISCHARGE.—This phenomenon can only be 
clearly observed with the aid of a large machine, and is 
obtained when the discharging knobs are well polished and too 
far apart to discharge by sparks. In appearance, the brush 
discharge consists of a short bright line which originates from 
the positive terminal and ends in a radiating brush of com- 
paratively slight luminosity. 

(iii) GLow DISCHARGE.—This effect is observed when the 
terminal is sharply pointed, e.g. when a ueedle is attached 
to one terminal, the other terminal being earth-connected. In 
air at normal pressure the effect can be observed at a distance 
only when a large machine is used, but the g/ow discharge is 
very characteristic of a discharge through a rarefied gas. 

(The discharge of electricity through gases is more fully 
discussed in Chapter XXV.). 

Mechanical, Chemical, and other effects of an Electric Dis- 
charge.—MECHANICAL EFFects.—A sheet of glass supported 
between two insulated metal terminals may be punctured when 
the discharge from a charged battery of Leyden jars is passed 
between the terminals. When the sheet is small the discharge 
may pass over the surface and round the edge of the glass, but 
this can be prevented by placing a drop of oil on the glass round 
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one of the terminals, or by fixing a short glass tube to the plate 
by means of sealing-wax and using a thick copper wire as a 
terminal which can be enclosed within the tube. 

A sheet of cardboard is readily perforated by an electric 
discharge, and it will be seen that the edges of the perforation 
on both sides of the card are burred outwards. 

CHEMICAL EFFECTS.—If a piece of white filter paper, 
previously soaked in an emulsion of starch and potassium iodide, 
is laid on a sheet of glass and fixed just below the terminals of 
an electric machine, patches of blue coloration will be 
developed where the discharge strikes the paper, owing to the 
liberation of iodine from the potassium iodide. The same 
chemical change is produced when the 
paper is touched by the terminals of a 
voltaic battery, but in this case the 
coloration is only evident round the 
positive terminal. The coloration near 
both terminals of an electric machine 
is evidence that the discharge is of an 
oscillatory nature. 

When an electrical machine is being 
used, the characteristic smell of ozone is 
often evident ; the conversion of oxygen, 
O,, into ozone, O3, being due to the 
electric discharge. By means of some- 
what elaborate apparatus this method is 
adopted in the chemical laboratory for 
the production of ozone. 

Fig. 154 represents a form of apparatus 
for the electrolysis of water by means 
of the discharge derived from an elec- 
trical machine. The success of the 
experiment depends upon the smallness 
of the platinum surfaces exposed to the 
water—very thin wire should be used 
and only the extreme ends should be 
unprotected by the glass tubes ; in any 
case the volume of mixed gases obtained is extremely small 
(foot-note, p 218). One terminal should be joined to an 

H.M, H 
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insulated knob fixed ear fo the knob of a Leyden jar standing 
on the table; one terminal of the machine is joined to the 
Leyden jar and the other to the remaining terminal of the 
apparatus. 

It may also be shown that the discharge is capable of 
decomposing ammonia into its elements nitrogen and hydro- 
gen, and of bringing about the union of nitrogen and oxygen. 


HEATING EFFECTS.—Theoretically the total available energy in a 
discharge may be represented by 4QV ergs, where Q is the quantity of 
electricity transmitted and V is the initial potential-difference. The 
energy equivalent to I gramme-degree, or calorie, of heat is 4.2 x 10” ergs 
—this is known as /ow/e’s eguzvalent, and is usually denoted by the 
symbol J. Hence, if the energy represented by the charge is entirely 


resolved into heat, the number of heat units generated will be _ 


Recent investigation has shown that, in an electric discharge, the heat 
produced is only a small fraction of the total energy of the charge; thus 
with a spark 6 millimetres long the heat is no greater than if a wire of 
resistance 2 ohms had been placed in the gap. 


The heat effect of the discharge may be shown by connecting 
two insulated metal balls by a short length of very fine wire ; 
on discharging a Leyden jar battery through the wire it is 
volatilised with explosive violence. If the discharge is made to 
pass through a small heap of guwspowder, it is simply scattered, 
but not ignited ; this is owing to the discharge being so brief 
that the mechanical scattering takes place before the powder is 
heated to its temperature of ignition. But if the discharge is 
slowed-down by including a poor conductor—e.g. a piece of 
wet string—in the circuit the powder will be ignited. 

The discharge from a Leyden jar will ignite ether. Also, if 
the experimenter stands on an insulating stand with one hand 
on a terminal of an electrical machine, the other terminal being 
earth-connected, and holds a finger near toa gas burner from 
which coa/-gas is escaping, the gas will be ignited by the spark 
passing from the finger to the burner. 

MAGNETIC EFFECTs.-—A steel sewing-needle may be magnet- 
ised by placing it inside an insulated open spiral of thick 
guttapercha-covered copper wire through which a discharge is 
passed from a Leyden jar battery. The polarity acquired by 
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the needle is indefinite, owing to the oscillatory nature of the 
discharge ; the polarity, in any case, is determined by the 
direction of the maximum current, which may be expressed as 
the ratio of the quantity of electricity to the time of trans- 
mission, and the time of transmission of consecutive oscillations 
of the discharge may vary considerably. 


SUMMARY 


The action of an electrical machine may be ‘due either to friction or 
to induction. The machines described may therefore be classified thus : 

Frictional Machines.—The glass-cylinder machine. 

Induction Machines.—The Electrophorus. 

Kelvin’s Water-dropping Apparatus. 
“A Replenisher. 

Toepler’s Machine. 

Wimshurst’s_,, 

The quantity of electricity generated in a given time ts proportional to 
the speed of revolution, but the P.D. is independent of the speed. 

The Action of Points.—7he density of the charge at a point of the 
surface of an irregular conductor is inversely proportional to the radius 
of curvature of the surface of that point. 

Spark discharge.—The length of spark depends upon (i) the P.D. 
between the terminals, (ii) the dielectric, (iii) the shape of the terminals, 
and (iv) the pressure (in the case of gases). The relationship between 
the p.p. and the spark length, through air at 760 mms. and 15°C., may 
be expressed thus : 

V=1500+ 30,000 ¢ 
where V is in vo/ts and d in centimetres. 

The dielectric strength of any medium is the maximum strain, 
expressed in volts er cm., which it can bear. 

Paschen’s Law.—/f the product of the pressure of the gas aad the 
length of the spark is kept constant the PD. required to produce the spark 
zs also constant. 

Effects due to an electrical discharge.— 

(i) Mechanical.— Zxavzples.—Glass or cardboard punctured. 

(ii) Chemical.—#xamples.—(a) Decomposition of potassium iodide ; 
(4) formation of ozone ; (c) electrolysis of water. 

(iii) Heat.—Zxamples.—(a) Fusion of thin metal wires ; (4) ignition 
of gunpowder, ether, and coal gas. 

(iv) Magnetic.—A stecl ncedle may be magnetised by passing a 
discharge through a spiral surrcunding the needle. 
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QUESTIONS ON CHAPTER XII 


1. Describe some apparatus by which an indefinitely large quantity 
of electricity can be obtained by means of electrostatic induction from a 
minute initial charge. 

2. State and explain the action of Lord Kelvin’s Replenisher. 

3. Describe a simple form of electrical induction machine. 

4. Briefly enumerate the different kinds of electric discharge and 
describe their luminous and mechanical differences. 


CHAPTER XIII 
ATMOSPHERIC ELECTRICITY 


Lightning.— Benjamin Franklin observed that ightning has 
all the properties—disruptive, heating, and chemical—which are 
characteristic of an electric discharge obtained by artificial 
means ; the effects only differ in degree. He carried out, in 
1752, his historic experiment with a kite, for the purpose of 
testing whether a charge might be derived from a thundercloud ; 
a metal point attached to the kite was connected to one end of 
the string, the other end of which was tied to a key ; alength of 
silk ribbon served to insulate the key from the hand. Standing 
under a roof (in order to keep the silk dry), he noticed that 
sparks were freely obtained from the key as soon as the string 
became wet, and that a Leyden jar could be charged by this 
means. 

Lightning is an electric discharge taking place either between 
two clouds charged to different potentials, or between a 
charged cloud and the earth’s surface. We may regard a 
charged cloud and the neighbouring surface of the earth as a 
condenser, in which the intervening air is the dielectric. When 
the potential difference acquires a certain magnitude the 
dielectric breaks down, and a discharge passes. Lightning 
assumes three forms: (i) Fork; (ii) Globular; and (iii) Sheet. 

Sheet Lightning is probably the reflection from the surface 
of clouds of distant fork-lightning which is hidden from view 
by intervening clouds or by the horizon. Globular Lightning 
is a comparatively rare phenomenon, and is but little under- 
stood ; it is usually described as a luminous ball which travels 
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slowly, and finally bursts with considerable violence. It has 
occasionally been imitated on the small scale in electrical 
experiments. Fork Lightning, as observed in photographs, 
usually traces out a very irregular path with many ramifica- 
tions. The path of the discharge is always that of least 
resistance, which may be determined either by the presence of 
dust, or by the path of a previous discharge. The flash is 
usually oscillatory; this effect may be observed in a photograph 
of the flash if, while exposing the plate, the camera is rotated 
rapidly in a direction perpendicular to that of the flash ; in this 
manner two or more independent images of the flash are 
obtained which are identical in outline. 

The duration of a flash is certainly less than 1/10,000 second. 
This has been proved by illuminating, by means of a flash, 
a rotating disc divided into sectors alternately black and white. 
When viewed in daylight the disc appears grey, while if in a 
dark room and only illuminated by an zzstantaneous flash, the 
disc appears to be at rest. If the duration is as long as the 
interval required for a black sector to move into the position 
occupied by the preceding white sector, the disc appears 
uniformly grey; ifthe duration is less, black and white séctors 
appear to be separated by grey ones. This is the appearance 
obtained with a disc of 60 sectors making 180 revolutions per 
second. Therefore, the duration of the flash must be less than 
(1/60 x 1/180) sec. = 1/10,800 sec. 

Lightning Conductors.!—The modern type of lightning con- 
ductor consists of a broad éand of copper, or preferably of iron, 
fixed to the outer side of a building, and terminating in a metal 
point which is slightly above the highest point of the structure ; 
the lower end is connected to a metal plate buried in a stratum 
of earth which is always wet, so as to ensure good earth contact. 
All metal spouts and pipes outside the building should be 
independently connected by wires to a wet ‘earth.’ 

The action of the lightning conductor is twofold: (i) A 
neighbouring cloud causes a stream of oppositely charged air to 
proceed from the point, thus slowly neutralising the charge on 
the cloud ; and (ii) if a discharge should take place, it robably 


1See “Lightning, and its Protectors,” Sir O. Lodge, Journ. Inst. Elect. 
Engineers, vol. xviii., No. 80. 
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chooses the path of least resistance, and proceeds to earth with- 
out causing damage to the building. 

The discharge is excessively rapid, and probably also of an 
oscillatory nature. The ordinary laws of current flow are there: 
fore not obeyed, and the discharge is restricted almost entirely 
to the outer layer of the conductor ; also, since it is advantageous 
to retard the rapidity of the discharge, the capacity of the con- 
ductor should be as great as possible. For these reasons a flat 
metal band is preferable to a circular wire (which has less sur- 
face for a given mass of metal). 

If any part of the conductor is in the form of a coil or convolu- 
tion, the self-induction accompanying a sudden discharge may 
be so great as to make the coil practically a non-conductor ; the 
discharge may then spark across any short air gap, either to 
the building or to a neighbouring metallic conductor. The 
lightning conductor should therefore be as direct as possible. 
This explains the principle by which telegraphic or telephonic 
instruments are protected from lightning ; two metal plates or 
discs are placed face to face and separated by a thin sheet of 
perforated mica; if one plate is connected to earth and the 
other to the end of the line wire, any sudden discharge pro- 
ceeding from the line wire will pass more readily across the 
short air gap between the plates than through the coils of the 
instrument. 

Origin of the Electrification of Clouds.—Lord Rayleigh 
found that although two jets of clean water may impinge with- 
out uniting, yet they will unite readily when a slight potential- 
difference is set up between them. He observed also that if the 
drops of water in a fountain are slightly electrified they tend to 
coalesce into big drops: the drops are not all of the same size, 
and the smaller, owing to their greater curvature, evaporate 
more rapidly than the larger; so, consequently, a potential- 
difference is soon established. At a later date, Dr. G. C. 
Simpson! investigated fully the electrical phenomena associated 
with falling drops of water. A /arge water drop, falling through 
air, is unstable: it flattens, and then breaks up into smaller 
drops. Zhe drops are found to be + charged, and the surround- 
ing air acquires a —™ charge. 

“Dr. G. C. Simpson, Phil. Trans., Ray. Soc. (1909). 
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A cloud is formed by the condensation of the moisture carried up- 
wards by an ascending column of air: some of the larger drops grow at 
the expense of the smaller drops, and become large enough to fall. In 
due course these become broken, and acquire a +¥’¢ charge. The 
smaller drops, thus formed, are carried upwards again. They cannot be 
all alike, both in size and in potential ; hence they coalesce again and, 
when large enough, fall once more. In due course these break up, acquire 
a further + Y¢ charge, and are carried up again. By repetition of this pro- 
cess they become so highly charged that, owing to mutual repulsion, they 
do not coalesce, but grow by condensation on them of uncharged mist. 

Ordinary Electrification of the Air—Lemonnier observed, 
in 1752, that a long insulated conductor fixed vertically becomes 
electrified, even when the sky is clear. This proves the presence 
of an electric field of force in the atmosphere. If the upper end 
of the conductor terminates in a point, discharge takes place 
(p. 218) until the potential of the point, and therefore that of the 
conductor, is the same as that of the layer of air in which the 
point is situated. Volta, in 1787, substituted a flame for the 
conducting point ; but the method is not so trustworthy, owing 
to a small potential difference, perhaps amounting to 0.5 volt, 
produced by the combustion. A sponge dipped in spirit and 
ignited has been used; also, Kelvin has used spills made 
of paper impregnated with lead nitrate. The potential of the 
conductor is observed by connecting its lower end to opposite 
quadrants of a quadrant-electrometer. 

The most suitable form of apparatus for equalising the poten- 
tials of a conductor and the surrounding air is the water-dropper 
(Fig. 155) devised by Kelvin. This consists of a copper vessel 
supported on a stout glass-rod, which is kept dry by surround- 
ing it with pumice and sulphuric acid. The water in the vessel 
is allowed to drop slowly from the end of a long horizontal tube, 
which projects through a hole in a window. Each drop 
becomes charged oppositely to that of the surrounding air, and 
on falling off conveys away this opposite charge ; this action 
continues until the drops of water, and the cistern, have the 
same potential as the air near to the nozzle. The reservoir 
is connected to the needle of an electrometer, the opposite 
pairs of quadrants being connected to the poles of a dry pile, or 
to the terminals of a battery of which the centre is earth-con- 
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nected. The deflection of the needle indicates the potential of 
the air at every instant, except when the variations are very 


Fic. 155.—Kelvin’s Water-dropper. 


rapid. In cold weather, glycerine or alcohol are added to the 
water to prevent freezing. 

It has been suggested, more recently, that radio-active com- 
pounds, ¢.g. salts of uranium or radium, may be used as 
equalisers of potential instead of a flame or water-drops. A few 
decigrams of such a compound might be supported at the 
upper end of an insulated rod, and protected from rain by 
covering with a thin piece of aluminium foil (which would 
be practically transparent to the radiation). 

In fine weather the air always has a foszfive potential which 
increases with the height above the earth’s surface. The Joten- 
tial-gradient varies between wide limits; near to the earth’s 
surface it usually varies from 100 volts to 200 volts per metre, 
but at higher levels the gradient is less, thus at altitudes of 1140 
metres and 3360 metres, gradients of 42.6 and 18.7 volts respec- 
tively per metre have been observed. In cloudy weather the 
potential of the air is invariably lower than when the air is 
clear; in wet weather a temporary wegadzve potential is fre- 
quently observed. It may be added that the potential of the air 
near a waterfall is always negative, and that the effect is greater 
when the water is pure (p. 126). The variations of potential are 
so frequent and marked as to suggest that the masses of air con- 
veyed past the apparatus by the wind are themselves electrified. 


H.M. ‘ H2 
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When the air has a positive potential which increases with 
the altitude, the electric conditions resemble those found in 
the field of force of an air condenser; the air in the upper 
regions is very rarefied, and is an electric conductor, so also is 
the earth, while the air between is a non-conductor if dry. 
Hence, we may regard the upper stratum of the air as a positively 
charged conductor, while the earth is negatively charged. 

Since the earth’s surface within limited areas has uniform 
electric potential, the equipotential surfaces in the field of force 
are parallel if above an open plain. But over elevated parts of 
the earth’s surface they approach each other to an extent 
depending upon the height and abruptness of the elevations. 
For, if c=the surface density of the charge on the earth’s sur- 
face, the intensity (F) of the electric force near the earth is 
equal to 470 (p. 142). On summits of hills or on house-tops & 
has a higher value, and F is greater; but (V;—V.)=F xd 
(p. 147), hence the distance apart of the equipotential surfaces 
will be less. At higher altitudes the effect of these irregularities 
in the earth’s contour disappears and the equipotential surfaces 
are again equidistant. 

Elster and Geitel have suggested that the electrification of 
the air is due to the ultra-violet rays of sunlight which have the 
peculiar property of dissipating a negative charge from the 
surface of certain substances; the effect is very marked in 
the case of freshly-polished zinc, and @y ice is also sensitive to 
the rays in the same way. 

Other observers lay stress upon the fact that air is partially 
zonised (p. 509) when traversed by ultra-violet rays, and that 
the air then conducts electricity in a manner similar to an 
electrolyte (p. 464). It has recently been observed! that the 
oppositely-charged ions serve, like dust particles, as nuclei 
round which aqueous vapour may condense to form rain drops, 
and that the negative ions act in this manner far more readily 
than the positive ions; consequently, rain so formed would 
carry a charge which is chiefly negative. 


The Energy of Discharge of a Cloud.—Suppose that the potential- 
gradient is 10 volts per cm., and that the equipotential surfaces are 


1C. T. R. Wilson, PAil. Trans., cxciii. 
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horizontal, then (V, — V,)= 10 volts= 10 x 108 E.M.* units = 109/(3 x 109) 
E.S. units (p. 521). But Fxd=(V,—V,); hence F=1/30 E.S. units. 
By Coulomb’s Law, F=4qme, hence o=F/4r=1/1207 E.s. units= 
1/(I20m x 3x 10!) E.M. units=10~!? coulombs approximately. Let 
the area of the cloud-surface be 1 sq. kilometre, and its height above 
the earth’s surface be 0.5 kilometre. The total charge on the cloud 
=(107?x 10!) coulombs, and its potential exceeds that of the earth 
by (5x10°) volts. Hence the energy. of the discharge, 4QV, is 
(2.5 x 10%) joules=(2.5 x 10%x 107) ergs=(2.5 x 102) kilogram-metres. 
Or, the energy is sufficient to raise 250 kilograms to a height of 1 metre. 


The Aurora.—The aurora is a rare phenomenon in our 
latitudes, but is frequently seen in arctic and antarctic regions. 
It assumes various forms, but often appears as a whitish bow 
over a dark segment in the northern sky, and becomes covered 
by extended masses of red or greenish-yellow feathered clouds 
radiating outwards from a point situated in the direction of the 
magnetic pole; these rays lengthen and shorten, increase in 
brilliancy or disappear, and perhaps again appear. There is a 
close resemblance between the spectrum of the aurora and that 
of an electric discharge through rarefied air: this suggests that 
the phenomenon is electric and situated in the higher regions 
of the air. The aurora is usually accompanied by magnetic 
storms and is more frequent during periods of maximum sun- 
spots. Franklin attributed the phenomenon to electric dis- 
charges caused by the contact of currents of warm air from the 
tropics with the cold air of the polar region. A more recent 
theory suggests that the phenomenon is due to streams of 
electrons discharged from the sun, the paths of which streams 
are influenced by the earth’s magnetic field. 

Earth Currents.—It is often observed that telegraphic lines 
are traversed by spontaneous currents which may be sufficiently 
strong to disturb the transmission of signals. They are more 
frequently observed in lines running north and south, and are 
observed both in aerial and underground lines. A spontaneous 
E.M.F. of 120 volts in a line 220 miles long was recorded by Sir 
W. H. Preece in 1881. Prof. Schuster t has shown that these 


* The abbreviations z.m. and £.S, refer to the electromagnetic and electrostatic 


systems of units. 
} Brit. Assoc. Report, 1890, 
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currents are due principally, if not entirely, to electromagnetic 
induction. 


SUMMARY 


Lightning is an electric discharge taking place either between two 
clouds charged to different potentials or between a charged cloud and 
the earth’s surface. The discharge is usually oscz//a¢ory, and its duration 
is certainly less than 1/10,000 second. 

Lightning Conductors.—The silent discharge from the point of an 
earth-connected conductor tends to diminish the potential-difference 
between the conductor and a neighbouring charged cloud. If a spark 
discharge takes place the conductor may serve to conduct the discharge 
to earth. A flat metal band is more efficient than the same weight of 
metal distributed as a circular wire. 

The origin of the electrification of clouds is not known with certainty. 

Electric condition of the Atmosphere.—In fine weather the air 
always has a positive potential which increases with the height above 
the earth’s surface; in cloudy weather the potential gradient is 
diminished, and the potential is often negative in wet weather. 

The potential of the air is determined by connecting the needle of 
an insulated electrometer to a point or to a flame placed in the region 
of which the potential is required. Instead of a flame, Lord Kelvin 
has used the water dropper, which consists of an insulated metal vessel 
with a long horizontal outlet from which water is allowed to fall in 
drops. In any case the electrometer gradually acquires the potential 
of the air space under examination. 
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VOLTAIC ELECTRICITY 


CHAPTER XIV 
VOLTAIC CELLS 


The Electric Current.—If two conductors A and B are at 
different potentials, A having a positive and B an equal nega- 
tive charge, and are then connected by a conducting wire, 
positive electricity will proceed 
along the wire from A to B and, 
after a very short interval of time, 
the potentials will be equalised. 
The upper part of Fig. 156 repre- 
sents the initial distribution of 
the tubes of force between two 
oppositely charged spheres. The 
lower part represents the dis- 
tribution immediately after join- 
ing the conductors by a wire; 
the ends of the tube of force ad 
have now been transferred to 
the wire, as shown at a’d’, and 
are proceeding along the wire in Fic. 156 
opposite directions; and when 
the opposite ends meet, the tube will have shrunk into the wire. 


This process is repeated with all the tubes of force, and the field 
finally disappears. 
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During the discharge along the conducting wire two pheno- 
mena occur: (i) the wire is heated, and (ii) a magnetic field ts set 
up round the wire; but the discharge is so rapid that it would 
be difficult to observe these effects. When such phenomena 
accompany the transference of electricity we say that the wire is 
traversed by an electric current. What really takes place 
may be described as a transference of energy from the medium 
into the wire. The work done in creating the electrostatic field 
disappears as heat in the wire; the magnetic field, which also 
represents a certain amount of energy, is only created during 
the growth of the current and, as the current diminishes, the 
lines of force gradually shrink into the wire and give up their 
energy to it. 

It is usual to say that, in this case, a@ current of electricity 
traverses the wire from A fo B; but it is important to bear in 
mind that this is only an accepted mode of speech, for we might 
refer equally well to the transference of zegative electricity from 
B ¢o A. Recent experimental investigation has shown the pro- 
bability, and perhaps the certainty, that an electric current 
consists of the transference of wegative electrons (p. 505) along 
the wire from B to A; it is nevertheless advisable to adhere to 
the recognised nomenclature, and to describe the current as 
proceeding from points of higher to points of lower potential. 

In order to study the phenomena of current electricity any 
such arrangement as shown in Fig. 156 would be inconvenient, 
and it is necessary to make use of sources of electrical energy, 
such as voltaic cells, which are capable 
of maintaining a constant difference of 
potential. 

The Simple Voltaic Cell—lIf plates 
of zinc and copper are dipped into dilute 
sulphuric acid, a difference of potential 
is set up between the two metals, the 
copper being at a higher potential than 

ae the zinc ; in fact the acid is at a higher 
potential than the zinc, and the copper 

is at a higher potential than the acid (p. 476). If the zinc 
plate is connected to earth by a wire, the relative potentials 
of the metals and the acid may be indicated by means of 
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a diagram (Fig. 157); the P.D. between the copper and zinc 
plates is represented by the height of the dotted line E above 
the zero line, and it may be observed readily by means of a 
condensing electroscope, if several such cells are connected 
together 27 series, z.e. with the copper plate of one cell joined to 
the zinc plate of the next, and soon; the P.D. between the extreme 
ends of the series will then be equal to that between the plates 
of a single cell multiplied by the number of cells in series. 

Expt. 64.—Construct a series of simple cells (Fig. 158) by fixing a 
row of small glass tubes (2 inch x $ inch) in a block of wood. So!der 


together a number of copper and zinc strips, 
and bend each compound strip so that the 
i |e UU 
Ly 
Vi. 


copper dips into one tube and the zinc into 
Fic. 158. 


the next. Nearly fill each tube with very di- 
lute sulphuric acid. Connect the zinc Pee 
of the first cell to earth, attach a copper 
wire to the opposite terminal, and wrap 
the free end of this wire round a vulcanite 
rod, which will serve as a convenient handle. Fit up the condensing 
electroscope! (Fig. 159). Connect plate A to earth, and momentarily 


Fic. 159.—A Condensing Electroscope. 


1A condensing electroscope consists of two brass discs, about zo cms. diameter. 
The lower disc is supported on a vertical rod of unpolished vulcanite, and is con» 
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touch plate B with the free end of the copper wire; A and B now have 
the same P.D. as that between the terminals of the cells. On raising 
plate A the capacity of the lower plate is diminished, and the potential 
of B is increased correspondingly ; the potential of B is now sufficient 
to cause a divergence of the leaves. Verify that the charge on the leaves 
is positive. Discharge the condenser, reverse the battery, and repeat 
the observations; verify that the plate B now acquires a egatzve charge. 


A fairly steady current will traverse a wire connecting the 
terminals!: this may be proved by means of its magnetic effect, 
e.g. by inserting a galvanoscope (p. 272) into the circuit. The 
P.D. is maintained by the energy which arises from the 
chemical changes now proceeding in the cell. It is usual to 
apply the term e/ectro-motive force, usually written E.M.F., to 
the potential difference between the plates, although the term 
E.M.F. should be restricted to the forces within the cell which 
give rise to the P.D. between the terminals. The chemical 
action in the cell involves the solution of the zinc in the dilute 
acid—strictly speaking, the zinc initially becomes oxidised to 
zinc oxide, which is dissolved in the acid with formation of zinc 
sulphate. The P.D. is maintained until either all the zinc or all 
the acid has been used up. 

Local Action.—In a simple voltaic cell, of which the plates 
are copper and commercial zinc, it will be noticed when a current 
is being generated by the cell that bubbles of gas are being 
liberated from d0¢h plates, and even when the circuit is broken 
that a gas is still given off from the zinc plate ; but if pure zinc 
is used, then no gas is set free from the zinc plate. This effect 
with commercial zinc is termed local action, and is due to the 
presence of impurities, usually carbon and iron. 

Local action is prevented by amalgamating the zinc 
by immersing the plate for a short time in dilute  sul- 
phuric or hydrochloric acid, and afterwards rubbing mercury 
over the surface with a rag soaked in the acid. A more satis- 


factory method is to add 4% mercury to the molten zinc when 
casting the plates. 


nected to a gold-leaf electroscope ; the upper disc is supplied with a vulcanite handle, 


and is earth-connected. The plates are separated from each other by a thin sheet of 
paraffined paper. 


1 The terminals or plates of a voltaic cell are sometimes termed the electrodes. 
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Expt. 65 (i).—Add dilute acid to a fragment of pure zinc contained 
in a test-tube ; no action takes place. Add a few iron filings; bubbles 
of gas are at once liberated from the filings, but not from the zinc. 
Charcoal or copper filings will act in the same manner. We have here, 
in fact, a simple voltaic cell, but the connecting wire is dispensed with 
since the metals are already in contact beneath the surface of the acid. 
(ii) Add dilute acid to a fragment of commercial zinc, and observe the 
chemical action. The action ceases on adding a drop of mercury. 
Since the mercury dissolves zinc, but not iron, copper, or carbon, the 
film of mercury conveys fw7¢ zinc to the acid, and serves as a protecting 
layer to the particles of iron and carbon which may be present in the 
zinc, each of which would, if uncovered, form a minute voltaic cell with 
the zinc in which it is embedded. 


Polarisation.—If the strength of the current derived from a 
simple cell is observed carefully, it will be evident that it slowly 
diminishes. It will also be observed that bubbles of hydrogen 
accumulate on the copper plate. This hydrogen has a two- 
fold effect: (i) it reduces the effective area of the copper plate, 
and (il) it is, like zinc, a readily oxidisable element, and behaves 
in a voltaic cell in a manner similar to zinc, and tending to set 
up an E.M.F. which would generate a current in the opposite 
direction to that obtained in a simple voltaic cell. Hence the 
primary effect of the metal plates is reduced by the opposing 
effect of the hydrogen. This phenomenon is termed the 
polarisation of the cell. It is somewhat difficult to observe the 
effect with simple appliances, but the following experiment will 
suffice to prove its presence : 


Expr. 66.—Construct a simple voltaic cell, using a stout copper wire 
instead of a copper plate. Immerse the wire, previously cleaned and 
dried, and the zinc plate in clean white sand saturated with dilute acid, 
and contained in a small beaker. Connect up the cell to a tangent 
galvanometer of low resistance (p. 274), bring the needle to rest as 
quickly as possible, and read the deflection at intervals of one minute ; 
the diminution of deflection will prove the presence of polarisation. 


Further details concerning polarisation are given on p. 479. 

Various methods may be adopted to prevent polarisation ; 
the most satisfactory are those in which the hydrogen is either 
oxidised or replaced by another element, and these constitute 
the numerous types of primary cells. These cells may be 
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divided into two principal classes: (i) those which have only 
one fluid, and (2) those which have two fluids. 


ONE-FLUID CELLS. 


The Bichromate Cell.—In this cell (Fig. 160) Jotassium bichro- 
mate K,Cr,O; is used as a depolarising agent. The chromic oxide 
CrO, is reduced by the hydrogen to the lower oxide Cr,O3, 


Fic. 160.—The Bichromate Cell. Fic. 161.—The Leclanché Cell. 


which is dissolved in the sulphuric acid, with which it is mixed, 
and forms chromium sulphate Cr,(SO,4)3: the change is accom- 
panied by an alteration in colour from orange-red to dark 
green-blue. The elements used are carbon and zinc. The 
chemical change may be expressed thus : 
32n + K,Cr,0, + 7H2SO4= 3ZnSO,+ K,Cr,(SO,4),+7H,O. 

The double sulphate of potassium and chromium, K,Cr.(SO,),, 
is known as chrome-alum. 

The solution may be made according to the following formula : 
K,Cr,0, Ioo grams, concentrated sulphuric acid 200 grams, 
water 1200 grams. The zinc may be kept amalgamated by 
adding 2.5 grams of mercurous sulphate to each litre of solution. 
Chromic acid is perhaps preferable to potassium bichromate. 
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Leclanché Cell—The Leclanché cell (Fig. 161) consists of a 
zinc rod and a carbon plate immersed in a strong solution (3 in 
20) of ammonium chloride. The carbon plate is placed in a 
porous pot which is closely packed with a mixture of broken 
“gas-carbon’ and manganese dioxide, the latter acting as the 
depolariser. The comparative slowness with which the dioxide 
oxidises the liberated hydrogen causes polarisation to take place 
when strong currents are taken from the cell, which is therefore 
only suitable for weak or intermittent currents. The small 
surface of the zinc rod and the solid contents of the porous pot 
give to the cell a considerable internal resistance. The chemical 
action within the cell may be expressed thus: 


Zn+2NH,Cl+2MnO,=ZnCl,+2NH,+H,O + Mn,0,, 


Two-FLUID CELLS. 


Daniell Cell.— The Daniell cell (Fig. 162) consists of a zinc rod 
surrounded by dilute sulphuric acid (1 to 10 by volume) con- 
tained in a porous pot, which is surrounded itself by a saturated 
solution of copper sulphate contained in 
a copper vessel which serves as the 
copper plate. 

When in use, the hydrogen generated 
by the action of zinc on sulphuric acid 
passes through the porous pot and dis- 
places copper from the solution of copper 
sulphate ; hence pure copper, and not 
hydrogen, is deposited on the walls of 
the copper vessel. The solution of 
copper sulphate is kept saturated by 
placing crystals of the sulphate on a 
perforated copper shelf near the top of 
the outer vessel. A solution of zinc 
sulphate may be used instead of sulphuric acid, and it has the 
advantage that amalgamation of the zinc is not necessary in 
order to prevent local action. 

The E.M.F. of the Daniell cell varies from 1.07 to 1.14 volts 
(p. 243), depending upon the concentration of the solutions: it is 
diminished by increasing the strength of the zinc sulphate 


NJ 
his 


Fic. ieee Daniell Cell. 
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solution. Thus, with a saturated solution of copper sulphate, 
the E.M.F. is 1.146 volts if the zinc sulphate solution has 7y 
gram of the crystals to 100 c.c. of water, and 1.081 volts if the 
solution is'saturated. 

If left standing for a long time some of the copper sulphate 
will pass through the porous pot and will be decomposed by the 
zinc, with deposition of copper on the zinc rod; this will cause 
local action. 

The Grove Cell.—In the Grove cell (Fig. 163) the metals are 
zinc and platinum, and concentrated nitric acid is used as a 


Fic. 164.—The Dry Cell. 

A, cardboard case; B, depolarising 
paste; C, carbon; D, white paste; 
FE, insulating layer; F, sawdust ; G, bitu- 
minous seal; ‘T) positive terminal; T , 
Fic. 163.—The Grove Cell. negative terminal; Z, zinc; H, vent. 


depolariser. A thin sheet of platinum is surrounded by nitric 
acid contained in a flat porous pot. A zinc plate, bent into 
the form of the letter U, is immersed in dilute sulphuric acid 
(1 in 8) contained in an outer glass vessel. The hydrogen is 
oxidised by the nitric acid, which is reduced to nitric oxide: 
this gas is somewhat soluble in the acid, but if produced in 
excess it escapes into the air, and forms brown fumes of nitric 
peroxide. The E.M.F. of the cell varies from 1.9 to 2 volts. 

The Bunsen Cell.—The Bunsen cell is similar to the Grove 
cell, except that the platinum is replaced by a rectangular block 
of hard gas-carbon 

Dry Cells.—Owing to the want of portability of ordinary cells 
containing fluids, it is often preferable to use dry cells. In 
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reality these are by no means dry, and the success of such cells 
largely depends upon the contents being kept moist. All types 
are modifications of the Leclanché cell. A central carbon rod 
is surrounded by a stiff paste of manganese dioxide, graphite, 
sal-ammoniac and zinc chloride ; this is surrounded by a zinc 
cylinder, the intervening space being filled with a thin paste of 
plaster of Paris and solution of sal-ammoniac with zinc chloride. 


STANDARD CELLS. 


In order to determine the E.M.F. of any voltaic cell it is 
desirable that stazdard cells shall be available. A standard 
cell should always have the same E.M.F. even when constructed 
with chemicals obtained from different sources; its E.M.F. 
should also be constant at a given temperature, and its Zem- 
perature-coefficient, or rate of change of E.M.F. with change of 
temperature, should be known with great accuracy. Two 
standard cells are in frequent use, (i) the Board of Trade 
Clark cell, and (ii) the Weston Cadmium cell. 


The volt, or practical unit of electromotive force, was defined by 
Order in Council (1894) as follows: ‘‘ The volt, which has the value 
1o® in terms of the centimetre, the gramme, and the second of time, 
being the electrical pressure that if steadily applied to a conductor 
whose resistance is one ohm will produce a current of one ampere, 
and which is represented by 0.6974 (or +29) of the electrical pressure 
at a temperature of 15° C. between the poles of the voltaic cell known 
as Clark’s cell, set up in accordance with the specification appended 


hereto.” 


The Clark Cell.—This cell, devised by Latimer Clark, con- 
sists of electrodes of zinc and mercury immersed in a paste of 
mixed mercurous and zinc sulphates. The following details are 
abstracted from the above specification : 


Preparation of the Materials. 

The Mercury should be re-distilled. 

The Zinc rod should be soldered at one end to a copper wire, 
cleaned with glass paper, dipped into dilute sulphuric acid, washed 
with distilled water, and dried. 

* Mercurous Sulphate.—To purify, shake up the pure salt with water and 
a little pure mercury in a bottle; drain off the water and repeat twice. 
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Zinc Sulphate Solution.—Add to distilled water, in a flask, nearly 
twice its weight of pure crystals, and zine oxide (2% of weight of 
crystals) to neutralise any acid. Warm to a temperature not above 
30° C. Add mercurous sulphate, purified as above, to extent of 
12% of the crystals taken, in order to neutralise any free zinc oxide 
remaining. Filter the solution, whz/e s¢tz/7 warm, into a stock bottle. 

The Paste.—Mix the mercurous sulphate and the zine sulphate 
solution, adding a few crystals of zinc sulphate from the stock bottle, to 
ensure saturation, and a small quantity of mercury. Shake these up to 
form a creamy paste. Warm the paste, but not above 30°C. Shake 
occasionally for an hour while cooling. This ensures a saturated 
solution of zinc and mercurous sulphates. 


To set up the cell. 

The cell (Fig. 165) may be set up in a small test-tube (5 cms. x 2 
cms.). Pour in mercury to a depth of 0.5 cm., sufficient to cover the 
platinum wire which is sealed into the lower end of 
narrow-bore glass tubing supported by a cork C, 
which has been previously bored to carry the zinc 
rod and cut at the side so as to allow air to escape 
when inserted into the tube. Wash the cork well 
with hot water before use. Pass the zinc rod about 
I cm. through the cork, heat the exposed end of the 
platinum to red heat and insert it into the mercury. 
Shake up the paste, and pour into the tube to a 
depth of cm. Insert the cork and zinc rod, and 
push the cork down until it nearly touches the 
liquid. Allow to stand for 24 hours, and finally 
cover the cork with melted marine glue. 

The electromotive-force of a Clark cell is 
MERCURY ° 

thos 1.433 volts at 15° C., and the value at any other 
Fic. 16;—The Clark temperature ¢ C. is given by the formula 

Standard Cell. E=1.433{I —0.00077(¢—15)} volts. 

The Weston Cadmium Cell.—The high temperature-co- 
efficient of the Clark cell is due to the considerable variation 
of the solubility of zinc sulphate with the temperature. Cad- 
mium compounds have a far more constant solubility, and a 
cell in which cadmium sulphate is used instead of zinc sulphate 
will have a much smaller temperature-coefficient. The Weston 
cell resembles the Clark cell, except that the zinc rod is re- 
placed by an amalgam of cadmium and mercury (12.7% 
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cadmium) and cadmium sulphate is used instead of zinc 
sulphate. 


The cadmium sulphate is purified by digesting with cadmium hydrate 
Cd(HO),, prepared from CdSO, and NaHO. The solution is then 
fiitered, shaken up with mercurous sulphate, again filtered, and evapo- 
tated to crystallisation. The other chemicals are purified in the same 
manner as described for the Clark : 
cell; the paste of mercurous and a 
cadmium sulphates is also made in 
the same manner. 

Fig. 166 represents the most suitable 
form of Weston cell. Introduce the 
amalgam, which readily melts in a 
water bath, into the left limb, and 
fix the platinum terminal in position 
by the cork C, which is provided with 
a hole a for the subsequent introduc- 
tion of crystals and solution. Pour 
mercury into the right limb, insert 
and fix the platinum terminal; then 
add. the paste and crystals of CdSO,. 
Introduce crystals of CdSO, through a, and finally fill up with saturated 
solution of cadmium sulphate, which must be poured through the 
opening a, nearly up to the corks. Insert glass wool in each limb, 
and close with another cork and marine glue. 


Fic. 166.—The Weston Standard Cell. 


The electromotive-force of a Weston cellis 1:0183 volts at 20°C., 

and the value at any temperature 7° C. is given by the formula 
E=1-0183 —[4:06 x 10-5(¢—20)] volts. 

The Commutator, or Current Reverser.—It is desirable 
to have a simple appliance for reversing the direction of the 
current without interchanging the battery connections. Two 
forms of commutator are in frequent use : 

(i) THE RUHMKORFF COMMUTATOR.— Fig. 167 represents the 
construction of a Ruhmkorff commutator. It consists of an 
ivory cylinder v mounted on brass spindles a and 4, which are 
supported on metal pillars connected to terminals A and D. 
Two cylindrical brass quadrants, V and V’, are screwed to the 
ivory cylinder ; one of them is connected to the spindle 6 by 
means of a screw, and the other is similarly connected to the 
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spindle a. Two vertical springs, joined to terminals B and C, 
press against the ivory cylinder. The battery terminals are 
connected to A and D, and the external circuit to terminals B 


Fic. 167.—The Ruhmkorff-Commutator. 


and C. In the position shown the circuit is open, and it is 
closed by rotating L to the right or left until the brass quadrants 
touch the vertical springs, the direction of the current depending 
upon the direction in which L is rotated. 


Fic. 168.—The Pohl Soueeien 
(ii) THE POHL CoMMUTATOR (Fig. 168).—This consists 
of a block of wood, or preferably of ebonite, with four mer- 


cury cups connected diagonally by means of thick copper 
wires. The battery terminals are connected to two wires 
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which dip into the cups on one side of the block. The 
swinging arm consists of two pieces of bent wire which are 
insulated from each other by means of glass tubing: the arm 
carries two pieces of wire bent into an arc and which can be 
made to dip into either pair of cups by rotating the arm. The 
external circuit is joined by binding-screws to the ends of the 
arm. 


SUMMARY. 


The Electric Current.—When two conductors at different potentials 
are connected by a wire, an electric current traverses the wire so long 
as the P.D. is maintained. The direction from points of higher to 
points of lower potential is arbitrarily selected as the direction of the 
current. The passage of a current through a conductor is rendered 
evident by two phenomena: (i) the conductor is heated, and (ii) a 
magnetic field zs set up round the conductor. 

The Simple Voltaic Cell consists of plates of zinc and copper 
immersed in dilute sulphuric acid. The p.p. between the plates can 
be observed by means of a condensing electroscope. This cell is an 
unsatisfactory source of current owing to Jocal action and polarisation. 

Local action is observed when ‘commercial’ zinc is immersed in 
acid. Such zinc nearly always contains particles of impurity—usually 
carbon or iron—which, if on the surface of the zinc and touching the 
acid, constitute small voltaic cells. The chemical action associated 
with such cells involves the gradual solution of the zinc. Local action 
is prevented by amalgamating the surface of the zinc with mercury. 

Polarisation.—The hydrogen which accumulates on the copper plate 
of a simple voltaic cell tends to diminish the strength of the available 
current, since it both reduces the effective area of the copper plate, and 
also ¢ezds to send a current through the cell in the reverse direction. 
Various chemical methods of preventing polarisation are available. 

One-Fluid Cells.—The Lrchromate cell consists of carbon and zinc 
plates immersed in dilute sulphuric acid to which potassium bichromate 
(or chromic acid) has been added. The bichromate acts as a ‘de- 
polariser’ by oxidising the hydrogen. 

_ The Leclanché cell consists of a carbon plate and a zinc rod immersed 
in a solution of sal-ammoniac. The carbon plate is surrounded with 
manganese dioxide, which serves as a ‘ depolariser.’ 

Two-Fluid Cells.—The Damiell cell may be represented by the 
symbol Cu|CuSO,, Aq||H.SO,, Aq|Zn. The two solutions are separ- 
ated by a porous earthenware partition, The hydrogen displaces copper 
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from the solution of copper sulphate, and pure copper is deposited on 
the copper plate. 

The Grove cell is represented by the symbol 

Pt | HNO, || H.SO,Aq | Zn. 
The nitric acid oxidises the hydrogen, and so prevents polarisation. 
The two acids are separated by a porous partition. 

The Bunsen cell is the same as the Grove cell, except that the 
platinum is replaced by a carbon plate. 

Standard Cells.—The C/lar& ce// consists of electrodes of zinc and 
mercury immersed in a paste of mixed mercurous and zinc sulphates. 
Its E.M.F. is 1.433 volts at 15° C. 

The Weston Cadmium cell resembles the Clark cell except that the zinc 
rod is replaced by an amalgam of mercury and cadmium, and the zinc 


sulphate is replaced by cadmium sulphate. Its E.M.F. is 1.0183 volts at 
20°C. 


QUESTIONS ON CHAPTER XIV 


1. Explain the meaning of the term, and the cause of, polarisation ot 
a voltaic cell. Give two instances of the use in cells of a depolariser 5 
one being an instance of a cell with a single electrolyte, the other of a 
cell with two electrolytes. 


2. Describe a condensing electroscope ; explain clearly its special use 
and the method of using it. 

3. A plate of zinc and a plate of copper are placed in dilute sulphuric 
acid. What action takes place, if any? How is the action modified if 
(1) the zinc plate is amalgamated, or (2) it is connected to the copper 
plate ? 

4. Describe the construction of the Daniell and Leclanché cells, and 
explain how the tendency to polarise is checked in these cases. 


CHAPTER XV 
MAGNETIC FIELDS DUE TO ELECTRIC CURRENTS 


Oersted’s Experiment.—Oersted, of Copenhagen, in the 
year 1820, carried out the first experiment which proved that 
there is a close relationship between magnetic and electrical 
phenomena. He observed that when a wire conveying a current 
is stretched horizontally in the magnetic meridian and immedi- 
ately over a compass needle, the needle tends to set itself at 
tight angles to the wire. 


Expt. 67.—Connect the poles of a battery through a commutator 
to the ends of a long thin wire. Stretch the wire horizontally in the 
meridian over a compass needle. Observe how the needle is deflected. 
Reverse the direction of the current, and again observe the deflection. 
Repeat the observations with the wire deneath the compass needle. 


Ampére’s Rule—From these observations the following rule 
may be deduced: Suppose a man to be swimming in the wire 
in the same direction as the current, and with his face towards the 
needle; the north-seeking pole is deflected towards his left hand. 

The presence of a magnetic field near to a wire may also be 
detected by dipping a short piece of thin copper wire, traversed 
by a strong current, into iron filings; a bunch of filings will 
cling to the wire. Each fragment of iron becomes magnetised, 
and is held with its magnetic axis perpendicular to the wire. 

The Field of Force due to a Linear Current,—Exrr. 638.— 
Clamp a sheet of cardboard in a horizontal position, and bore a 
small circular hole through the centre. Fix a straight piece of thick 
copper wire vertically through the hole, and sprinkle iron filings on 
to the cardboard. Pass a strong current through the wire, and tap 
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the cardboard. Notice that the filings have arranged themselves in 
circles concentric with the wire (Fig. 169). Note the direction of the 
current, and determine the advection of the 
lines of force by placing a compass needle 
to the north, south, east, and west of the 
wire. Observe the effect on the compass 
needle when the current is reversed. 


From this experiment we deduce the 
following rule: The positive direction 
of the lines of force appears to be 
clockwise to an observer looking along 
4 a wire which is conveying a current 

Fie, 16g. away from him. 

Maxwell’s Corkscrew Rule.— The 
same result is expressed in Maxwell’s Corkscrew Rule as 
follows: Imagine a corkscrew being screwed along the wire in 
the direction in which the current is passing. The direction in 
which the thumb rotates indicates the positive direction of the lines 
of force. 

The lines of force are circles described round the wire as 
centre, and with their planes perpendicular to the axis of the 
wire. Since the field of force must be symmetrical all round 
the wire, the magnitude of the magnetic force at all points of the 
same circumference must be the same. 

Equipotential (magnetic) surfaces are always perpendicular 
to the lines of force, and must therefore, in the case of a linear 
current, be planes, passing through the axis of the wire, radi- 
ating outwards and distributed at eguiangular distances apart. 


When an iron wire is traversed by a current the surface is ¢ramsversely 
magnetised, and if sawn longitudinally along its axis each section would 
show opposite polarity at its edges. If an iron wire is wrapped 
spirally round a copper wire conveying a current the iron is magnetised 


longitudinally, and would, when unwrapped, exhibit free poles at 
its ends. 


The Magnetic Intensity varies inversely as the Distance.—For 
let V, and V, (Fig. 170) represent two equipotential surfaces in 
the field due to a current in the wire XY, also let a,a, and 4,0, 
represent portions of two lines of force intercepted between V, 
and V., Since the work done in conveying unit pole along any line 
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of force between V, and Vz is equal to the product of the average 
force and the distance traversed, 


(V2— Vy) =a X 442) =( fs X 5,05) 
or Sal fz=5,b2/aa,= Ob,/Oay. 


Hence, the intensity varies inversely as the distance. 


This result was proved experimentally 4 } 

: : Yi ae ee 
by Biot and Savart by observing the rate | “Me NN 
of swing of a small magnet when situated O wbgemt him 
at points to the magnetic east of a vertical V, 


current, and also when subject to the 
éarth’s field only. If the number of swings 
in a given time are 7, and 7, at distances 
d, and @,, and 2 when due to the earth only, 
then experiment proves that 


(;? — 22") /(729? — 2°) = ,/d,. 


The same result may be deduced by assuming 1% 
the truth of Laplace’s law, viz: Zhe force Rus ask 
exerted on a magnet pole by an infinitely short 
element of a conductor conveying a current is inversely proportional tothe 
square of the distance (d), and directly proportional to the length (ds) of 
the element, to the current strength (2), to the pole strength (m), and to 
the sine of the angle of inclination of the element to the line joining the 
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pole to the centre of the element. Let AB (Fig. 171) represent an element 
of length ds: this may be resolved perpendicularly to, and along, the 
line of force F. Only the former component ds. sina will exert 
magnetic force at 7. Laplace’s Law may be expressed thus : 


_ds.sina.2.m 


Se a? 
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Apply this to the case of two infinitely long wires AB and A’B’ 
(Fig. 172), carrying currents of equal strength, at distances @ and a’ 
from #. The wires may be divided into pairs of elements similar to 
ds and ds’, and 


f dssinaim a’? asa" 
ee x A =—_-_ = oN 7 
tie a ds'sina.im ads’ a? 
ds ma da 
B t, = = —_= —. 
.e as mala 
a, gee 
Hence, £=5 x a 
The Magnetic Force varies directly as the Current Strength. 
a B For, if a second wire is 


introduced into the centre 
of the field so as to coincide 


Stn Sock with the first wire, and con- 
rd Snes Beco veying a current of the 
ae <a same strength, the currents 
SGU Sie will produce identical fields 

““-~Ss3, of force; and the force at 

athe sas dy ~~~~7777 7777777" *m any point will be twice as 


great as that due to either 

of the currents. The two 
; wires may be replaced by 
a single wire conveying a 
current of double strength 
without altering the other conditions. Hence ¢he force at any 
point varies directly as the current strength. 

Magnetic Field due to a Current in a Circular Conductor. 
—By applying Maxwell’s Rule it is evident that dowre 
the lines of force within the space enclosed by J 
a circular wire may be represented by Fig. 173, j 
in which the current is supposed to be passing 
downwards at A and upwards at B. The mag- 
netic field due to the current closely resembles 


= 
ic—| 
list 
that of a magnetised disc of steel, of which the Lt 
® 
up 
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contour is the same as that of the wire circle, and 
of which the thickness is equal to the diameter of 
the wire. If the degree of magnetisation is such 
that the magnetic fields are identical in every 
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sense the magnetised disc may be termed ¢he equivalent mag- 
netic shell of the circuit. 


ExpT. 69 (i) The magnetic properties of a circular conductor con- 
veying a current may be observed by means of De la Rive’s Floating 
Battery, which consists ofa flat coil of thin insulated copper wire, the ends 
of which pass through a large cork, and are connected below to plates of 
copper and zinc. The coil should be vertical when the cork is floating 
ona liquid. If dilute sulphuric acid is used, a current traverses the 
coil, which will tend to set with its plane perpendicular to the meridian. 
If the direction of the current is traced out the following rule may be 
verified : 

If the coil is held so that its face is perpendicular to the line of 
sight, and if the current appears to pass round the coil in a clock- 
wise direction, then that face will have south-seeking polarity. If 
the direction is anti-clockwise, then the face will have north-seeking 
polarity. 

(ii) Hold the pole of a bar-magnet near to the coil, and observe how 
the latter is either attracted or repelled, according to which face is 
directed towards the magnet. 


The mutual action of the magnet and coil may be more 
readily understood by maps of the combined fields of force. 


Fig. 174 represents the field of force when repulsion takes place, 
and Fig. 175 indicates mutual a¢traction. In the latter case 
it is evident that the tension of the lines of force will tend to 
move the coil towards the centre of the magnet. 

Strength of Magnetic Field due to a circular current.—Let ds 
(Fig. 176) represent a small element of a conductor bent into 
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the form of a circle of radius a. If A isa point on the axis of 
the circle, and distant x from the centre of the circle, the 
magnetic force at A due to the element ds will be perpendicular 
to the line joining A to ds, and may be represented by Af This 
force may be resolved into two components, A/.cos@ and 
Af. sin 6 (represented by Av and Af respectively), where 6 
is the angle subtended at A by the radius of the circle. An 


Fic. 176. 


element diametrically opposite to ds will produce a force at 
A which may be resolved into two components, one equal and 
opposite to Av, the other equal to and in the same direction as 
AA, The entire circle may be divided into a number of pairs 
of such elements, the components similar to Av neutralising 
each other. The resultant force is equal to the sum of the com- 
ponents A, and the direction of the force coincides with the 
axis of the circle. If a magnet pole of strength 7 is situated at 
A, the force in the direction of AZ acting on the pole, and due 
to the current in ds is 


Mat wl Sigt: 
5 LM 6. 
x 
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The resultant force is obtained by substituting the entire length 
of the circle for the element ds ; hence 
Mi .27a a  mix2ra* 
ee ee oak 
(a? +27)? 
If m=1, the resultant force measures the /ntensity of the 
CxeTe 
(a? +22)? 
At the centre of the circle, x=o, hence Intensity of the Field 
2X 27 
a ‘ 


Resultant Force = 


Srcies panel (1) 


Field, hence Intensity of the Field= 


at the centre= 


This result may also be obtained in the following manner. If 
V=magnetic potential at A, =the current strength (in C.G.s. units), 
w=the solid angle subtended by the coil at A, then, from p. 77, 


V=wZ.. 
But w= 27(1I—cos 8), (Pp. 583) 
Hence Vso ss aad - ar 
(2? + a?)? 


The intensity (F) of the field is equal to the rate of change of 
potential with respect to distance. Therefore 


7 cf 
r= Ler e[ att+ a’) a 
ax ax 
= 2 = 
=2nil (x2 + a?) 2-22 (x? +a) ¥] 
2 


— Ire FD 
(x? + a)? 


The €.G.8. Electro-magnetic Unit of Current.—-In the above 


formula, if az=1 cm., and if the wire only occupies = of the 
T 


circumference of the circle (z.2. a length equal to the radius), then 
Intensity of the Field at O=2 
The Unit of Current may therefore be defined thus: A current 
has unit strength when 1 cm. length of the circuit, bent into the 
form of an arc, of radius=1 cm., exerts a force of 1 dyne on a 
unit magnet pole placed at the centre of the arc. 
The ‘practical’ unit of current, termed the ampere (pp. 293 
and 523), is equal to jy part of the C.G.s. unit. 
HM, re, 
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Equivalent Magnetic Shell. Ampére’s Theorem.—Con- 
sider any closed circuit S (Fig. 177) traversed by a current of 
strength z We can imagine the circuit 


= 


eae BS to be replaced by an infinitely large num- 
Tacnas NS ber of small elements similar to a, each of 
aeecene which is traversed by a current of the same 
PEPE tt strength z; for each line separating two 
Fgcee contiguous elements is traversed by equal 
(LLY currents in opposite directions, which 
enim ey, neutralise each other, and it is only where 


aoe the elements touch the contour of S that the 

currents remain un-neutralised. Further, 

we can imagine that each of these elements is replaced by a 

small magnetic shell, the contour of which coincides with that 

of the elementary circuit, and the magnetic moment of which 

is such that its effect at a distant point is the same as that 
due to the current element which it replaces. 

Let S (Fig. 178) represent an infinitely small circular circuit 
conveying a current of 
strength 7; O is a point /\S 
on the axis of the circuit, ( Pe ee eee tee ed 
and distant @d cms. from its 
centre. Since the circuit 
is very small, the distance of all parts of the circuit from O is 
equal approximately to @; hence, by equation (1), p. 255, 

Intensity of field at O=27a*z/d8. 

Replace the circuit by a magnetised lamina, of which the 
magnetic moment is M, then, from p. 78, 

Intensity at O, due to the magnet, =2M/d®. 

Hence the lamina is eguzva/ent to the circuit when (7a?z)=M. 

{f 7=thickness of the shell, 77=pole-strength, and o=pole- 
strength of unit area, then 

Tati =m x 1, 
or 2=ml/ra*=ol. 

The same holds good for all other elements into which the 
circuit is resolved. But (p. 76) the product of the pole-strength 
per unit area and the thickness of the shell is termed the 
Strength (p) of the Shell. Hence the magnetic force due to a 
current in a closed circuit is identical with that of a magnetic shell 
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of the same contour when the current (77 C.G.S. units) is equal 
numerically to the strength of the shell. This is known as 
Ampére’s Theorem. 

Magnetic Moment of a Circular Current.—The magnetic 
moment M of a circular current may be regarded as identical 
with that of its equivalent magnetic shell. If a=radius of the 
coil, and z#=current strength (in C.G.s. units), o=magnetic 
density on the surface of the shell, and ¢=thickness of the shell, 
then the magnetic moment=(7a’c x ¢)=7a°b=7a?z. Hence 

Magnetic Moment = Area x Current (77 C.G.S. units). 


If the plane of the coil is parallel to the lines of force of a 
uniform magnetic field of intensity H, the magnetic axis of the 
shell is perpendicular to the lines of force, and, from p. 75, the 
turning couple=7za?z.H. If the plane of the coil makes an 
angle @ with the lines of force, f 
the magnetic axis of the coil ‘up 
makes an angle (90-9) with g 
the lines of force, and the turn- 
ing couple 

=71a2H sin (go — 9) 
=77a72zH cos 6. 


~ 


QO 


Intensity of Field due to a Linear 
Current.—Let A and B (Fig. 179) 
Tepresent cross-sections through two 
‘infinitely long parallel wires form- 
ing two sides of a closed rectangular 
circuit, which is traversed by a 
current of 7 c.G.s. units. The solid 


SS) een te 


we ewe ee eee ewe meme ew we we we we 


angle at O is a June ab on the a i eeee OF aay P 
unit sphere described round O, @ : 

and its area=area of sphere x a/27 “ 

=40 xa/2r=2a. If B is removed os 

to infinity, zAOB becomes 2 AOC, Fic. 179. 


and the solid angle becomes 28. 
Since the potential at any point is equal to the product of the solid 
angle subtended at the point. by the circuit and the current strength 
(pp. 77 and 256), the potential at O= 282. 
Since the lines of force are circles described round A, then OP will 
represent the line of force through O; also AO and AP represent two 
H.M, 
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equi-potential surfaces. If V, and V. represent the potentials at O 
and P, and F=the intensity of the field at O, then 


Fx OP=V,- Vz 


_V,-V__28¢- 272 _ 262 
oe FOP eau ba ie 
But @=OP/AO, 

2 OP’ 22 
mace F=6p * AO AO 


Magnetic Field due to a Solenoid.—If a current traverses a 
wire which is coiled closely round a cylinder, the resultant 
magnetic field may be com- 
pared to that due to a row 
of magnetic shells with faces 
of opposite polarity in con- 
tact, each turn of wire being 
replaced by its equivalent 
magnetic shell; in other 
words, @ solenoid of wire 
conveying a current should 
have the magnetic properties 
of a bar magnet. Strictly 
speaking, each turn of the 
solenoid may be resolved into one turn exactly perpendicular 
to the axis of the solenoid, and a short length coinciding 
with the axis ; but the magnetic effect of the axial component 
may be neutralised either by carrying the wire back along 
the axis or by winding the wire back to the starting point, so 
as to form a second layer, and so that the current traverses 
all turns of wire in the same direction; in the latter case 
the axial components of the two layers will now neutralise 
each other. Fig. 180 represents an iron-filing map of the 
magnetic field inside and outside a spiral of wire conveying 
a current. 

Intensity of Field inside a Solenoid.—If each turn of the solenoid 
is replaced by its equivalent magnetic shell, then the strength of 
the shell is equal to the current-strength (p. 256), or 

p=2. 


If there are 7 turns of wire per cm. length of the solenoid, the 
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thickness of each shell is 1/7, and 6=o/m, where o is the pole- 
strength per (cm.)2, Hence 


p=ox-=i, 


or C=212. 

Therefore the pole-strength (7) at either end of the solenoid 
=i7aoc=+7a*ni. Since the number of lines of force 
originating from a magnet pole of strength is equal to 47m 
(p. 51), the number of lines emerging from the ends of the 
solenoid = 47 x 7a’ni=47a2nt. 

The intensity of the field within the spiral is equal numeri- 
cally to the number of lines of force per cm.?, hence 

Intensity of field=47°a* ni|ra*=47Nn! C G.S. units. 


The intensity of the field near to the end of along solenoid. It 
has been shown on p. 255 that the force acting on a magnet pole of 
strength situated on the axis of a circular wire traversed by a current 
of 7 C.G.S. units is equal to 

mt . 27a 

— 
where @ is the angle subtended by the radius a of the circular circuit and 
ris the distance of 2 from any point of the circuit. Hence, the intensity 
of the field at the same point is 


Z. 27a.sin@ 
5 peat Sie vasaietisutdesede cee. ihe os (1) 
ez 


x sin 6, 


Consider the intensity of the field at a point O (Fig. 181) on the axis 
of a short solenoid AB traversed by a current of z C.G.S. units. The 


Fic, 181. 


problem is solved by determining the intensity due to a chim section, 
such as aa’, and integrating the expression so as to include the whole 


260 MAGNETISM AND ELECTRICITY FOR STUDENTS 
Te ne A ae RE ee 
solenoid. If 2’ is the total current traversing unit length of the solenoid, 
and if there are # turns of wire per unit length, then 2”=72; and the 
total current traversing the section aa’ is 7’ x aa’=nixaa’. By formula 
(1) the intensity at O due to the current in the section aa’ is 


(202 X da’). 2TH. SIN O[77. ..ecseceserevneceveeenerees (2) 


If the small angle a@Oa’ is represented by @@, and if ad is drawn 
perpendicular to Oa’, then ad=Oa.d@; and since the triangles 
aa’b and a’Oc are similar, ab/aa’=a'c/a’O, or 


aa’ =(abxa'O)/a’c=O2. 0. rla=r*. dO]a. 
Substituting this value of aa’ in formula (2), the intensity at O is 
2mnz.sin®@. dd. 


The intensity due to the whole solenoid is obtained by integrating this 
between the limits 2=0, and 6=6, ; or, the total intensity is 


cat 
2ani | sin 6.a0 
6. 


Aa 
= 272 E —cos@ 
6, 


= 2772 (cos 0, —cos 0,). 


If the point O is wrthzw the solenoid, cos 6, is egative, and the 
intensity is equal to 2mm (cos 0,+ cos @,) ; and if the solenoid is long 
and if O is at a considerable distance from either end then cos 0, 
=cos 6,;=1, and the intensity is equal to armz. At the extreme end 
of a long solenoid, cos @,=0, and the intensity is equal to 2772. 
Hence the intensity at the end of a long solenoid is equal only to 
one-half the intensity at points inside the solenoid and at a consider- 
able distance from the ends. 

Fig. 182 represents the variation of the intensity at points on the 
axis of a long solenoid and near to one of the ends; it is assumed 
that the radius of the solenoid is 10 cms., and that the current 
strength is such that 2rn2=1. 

Ring-shaped Solenoid.—In the case of a ring-shaped solenoid the 
turns of wire are closer together on the inside than on the outside of 
the ring; the intensity is therefore greater towards the inside. If ry 
and 7, are the inner and outer radii of the ring, and if N is the total 
number of turns, then the number of turns per unit length are N/247, 


and N /2rr, respectively, and the intensity varies from 4n2N/2m7, to 
4miN [amr 


ELECTRO-DYNAMICS 2 


oO 


I 


J, Definitions.—If is the number of turns per unit length, and if I 
is the current strength in amferes, the product I is termed the 


ampere-turns per unit length. 
2-0 
et! 
“4-8 - ail 
yo 


Distances from end of solenoid 
20 15 10 5 


/ntensity of Magnetic Field (2nni=1) 
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The Magneto-motive force (p. 400) of a current traversing a 
solenoid may be defined as ¢he dine integral of the magnetising forces, 
and it is numerically equal to the product of the intensity, and the 
length of the field, or 

Magneto-motive force=(4727 x /)=47Nz. ,, 


ELECTRO-DYNAMICS. 


The following paragraphs are devoted to a consideration 
of the mechanical forces which act upon linear conductors 
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conveying currents, when placed either in a uniform magnetic 
field or in a field due to a neighbouring current. The term 
Electrodynamics has been applied to this branch of the subject, 
by Ampere. 
Mechanical Force acting on a Linear Conductor con- 
veying a current when placed in a magnetic 
~. field.—If A (Fig. 183) represents the cross-section 
\. of a wire conveying a current dowm through the 
eA ny paper, a single north-seeking pole, situated at 
Hi 
VA 


- 
“s 


m, will tend to rotate round A in a clock-wise 

direction to 7’. But if the pole is fixed and the 
ni-< conductor is free to move, then the latter will 
re move in such a manner that it will occupy subse- 
quently the same position relatively to the pole 
as in the former case, and will rotate round z in a clock-wise 
direction. 


Fic. 183. 


Expt. 70 (i), Fig. 184 represents a glass tube (G) closed at both ends 
with corks. The north-seeking pole of a cylindrical bar magnet projects 
through the lower cork. A wire suspended 
from the upper cork dips into mercury (H). 
Pass a strong current down the wire, and observe 
the direction in which the wire rotates; also 
observe the direction when the current is 
reversed. 

(ii) Clamp a cylindrical bar magnet vertically 
and some distance above the table. Hold a 
long piece of tinsel by its upper end so that it 
hangs vertically, close to the magnet, and with 
its lower end as free as possible. Notice how 
the tinsel, when traversed by a strong current, 
tends to coil itself round the magnet. 


Rule.— The following rule, due to Sir 
Ambrose Fleming, will be found useful in de- 
termining the direction of motion of a linear 
current when placed in a magnetic field: 
Hold the thumb and first finger of the left 
hand as fully extended as possible, and bend Hey s84- 
the second finger at right angles to the palm. If the first finger 
represents the direction of the lines of force, and the second 
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finger that of the current, then the thumb will indicate the 


direction of motion (Fig. 185).! 

By Laplace’s Law (p. 251) the force acting 
on a short element ds of a wire conveying a 
current 7 C.GS. units is ds. 7z.m/r? when the 
element is perpendicular to the lines of force 
due to a magnet-pole of strength m distant + 
cms. from the element. But m/z? is the 
intensity of the field due to m. Jf the wire 
zs 1 cms. long, and placed within a uniform 
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Jield of intensity H, the force tending 
to move the wire in a direction per- 
pendicular to the lines of force ts 
ZiH. The direction of the force may 
be deduced by applying Fleming’s 
Rule. 

Measurement of an Intense Mag- 
netic Field.—Fig. 186 represents a 
method of measuring the magnetic field 
between two long straight pole faces 
placed near together and with their lengths 
vertical A wire w is suspended be- 
tween the pole-faces by a cord attached 
to a scale S and stretched by a weight 
A. The upper and lower ends of w 
are connected to mercury cups, which 
are also joined to a battery and ammeter. 


1 Compare this rule with the right-hand rule 
(p. 413) for determining the direction of zmducead 


currents. In each case, the thumb represents ‘direction of motion,’ the first finger 
‘direction of lines of force,’ and the second finger ‘direction of current.’ It is 
useful to associate the # in thuszb with m in motion, and the / in /irst finger 


with the fin magnetic field. 


H.M. 


‘ 
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Horizontal threads, 4, and 4%, are connected to vertical threads, 
each stretched by a weight W grams, and attached to sliders ~, and 
~> The direction of the current is arranged so that w is deflected 
to the left, and the sliders are moved to the right until w is 
brought back to its original position. If d, and @ are the distances 
through which the sliders have to be moved, the total force exerted by 
the threads on w will be Wg (4+2) approximately, The magnetic 
L192 

force acting on w is HLz, where L=vertical length of the pole-face, 
and z=current strength (in C.G.s. units). Hence 


Another method is described on p. 426. 


Force exerted by a Magnetic Field on a Rectangle con- 
veying a Current.—Let ABCD (Fig. 187) represent a rectan- 
gular circuit of length 6 and width 
a, conveying a current of 7. C.G.S. 
units, and placed’ with its plane 
coinciding with the lines of force 
of a uniform horizontal magnetic 
field H. The side CD will be 
acted upon by a force /2, equal to 
67H dynes, the direction of which 
is determined by Fleming’s rule. 
An equal force /, will act upon the 
side AB. These two forces con- 
stitute a couple of which the moment ts batH. (Compare this 
with the Moment of a Circular Coil, p. 257). No forces act on 
the sides AD and BC in their initial position, but when the 
rectangle is deflected forces will act upon them which are 
directed upwards and downwards respectively. The rectangle 
will rotate until its plane is perpendicular to the lines of force. 
In this position the lines of force due to the current traverse the 
rectangle in the same direction as those due to the field ; or, ¢he 
number of lines of force traversing the rectangle is then a maxt- 
mum. Moreover, all the forces acting on the conductor tend to 
enlarge its area, The following rule, due to Clerk Maxwell, 
may be applied to all such cases: Every circuit is acted upon by 
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forces which tend to alter its position or its configuration so as to 
make it embrace a maximum number of lines of force. 

An experimert, due to Ampére, clearly exhibits the truth 
of Maxwell’s rule. A shallow wooden trough (Fig. 188) is 
divided lengthwise 
by a wooden parti- 
tion, and filled with 
clean mercury. The 
two compartments 
are connected by a a 
bent iron wire aé 
floating on the mercury. When the terminals are connected 
to the poles of a battery, the floating bridge moves away from 
the terminals, thus increasing the area of the circuit, and con- 
sequently the total flux through the area. In this case the flux 
originates from the current in the circuit itself. 

In further reference to Fig. 187, the work done by the forces 
in rotating the rectangle from its initial to its final position is 


equal to 2 (aH x¢) =abiH ergs. But adH is the total number 


of lines of force cut by the rectangle. Hence 
work done=NzZ ergs. 

Or, the work done when a current moves across a magnetic field 
is equal to the product of the current 
strength and the total number of 
lines of force cut. 

Barlow’s Wheel.—Barlow’s wheel 
(Fig. 189) is an instructive appli- 
cation of the principle explained in 
the previous paragraph. It con- 
sists of a star-shaped metal wheel 
supported on horizontal metal bear- 
ings, and the spokes of the wheel, 
in their lowest position, dip into a 
mercury trough. Ifa current passes 
from the axle to the mercury trough, 
and if the poles of an electro-magnet 
are placed on either side of the lower half of the wheel, the 
wheel rotates in a direction which may be deduced by Fleming’s 


< eee ees 


Fic. 189.—Barlow’s Wheel. 
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rule. This apparatus is a simple application of the conversion 
of electrical into mechanical energy. 

If the mercury trough is so arranged that one spoke is just 
leaving the mercury when the next spoke is about to make con- 
tact, the area traced out by a spoke 
during contact with the mercury is 
approximately 3a0.a, where @ is the 
circular measure of the angle between 
consecutive spokes (Fig..190), and @ is 
the length of a spoke. If the field has 
a uniform intensity H,and if z=current 
strength, the number of lines of force 
cut is equal to H.a?6/2, and the work 
done is Hz.a?@/2. The work done in one complete rotation 
is Hza? . 27/2 or wa?Hi. 


MUTUAL ACTION OF PARALLEL AND OBLIQUE CURRENTS. 


(i) Two Parallel Currents.—Let AB ‘and CD (Fig. 191) repre- 
sent two parallel wires conveying currents of strengths z and 
z’ C.G.S. units. Consider AB to 
be fixed, and CD free to move. 
The direction of the magnetic field 
at P due to the current in AB may 
be represented by PH, which is 
perpendicular both to CD and to 
OP. By Fleming’s rule, CD will 
tend to move along PO towards /” fe} 
ADiawLiathe Jcurrent, ine CDasismes:= 
reversed, CD will be repelled 
from AB. Hence, two parallel 
conductors attract each other if 
currents traverse them in the same 
direction, and repel each other if 
the currents are in opposite direc- 
tions, 


If the perpendicular distance between the wires is ~ cms., the 


intensity of the field at P is 22/7 (p. 257). The force acting 
on an element 1%, of length Z is (dz x 22/7) dynes. 


= 


A 
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Expt. 71.—Bend a copper wire into a rectangular form ABCD 
(Fig. 192), and solder the ends to two lengths of tinsel, the upper ends 
of which are soldered to copper wires passing 
through the cork X. Clamp the cork at a 
convenient height, and include in the circuit a 
cell and a length of free wire EF. Hold EF 
near to and parallel to either of the sides of the 
rectangle. Observe the attraction or repulsion. 

ExpT. 72.—Wind a close spiral (10 cms. 
long, 1 cm. diam.) of thin uncovered copper 
wire. Support it vertically by the upper end, 
and so that the lower end just dips into a 
vessel of mercury. Connect the upper end 
and the mercury to the terminals of a battery, 
and observe how the spiral vibrates up and 
down. Since parallel currents in the same 
direction are traversing consecutive turns of 
the spiral, attraction takes place, and the 
spiral is shortened sufficiently to break the 
circuit at the mercury cup, when the spiral again lengthens and come 
pletes the circuit. This apparatus is known as Roget's Spiral. 


(ii) Oblique Currents.—If the circuit CD (Fig. 193), which is 
free to move, is perpendicular to the fixed circuit AB, and if the 
currents are in the directions shown, then, by Fleming’s rule, CD 
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will be urged in the direction / parallel to AB. If either of the 
currents is reversed CD will be urged in the opposite direction. 

If CD is inclined at an angle to AB (Fig. 194), we may con- 
sider the circuit CD to be resolved into two components, 


268 MAGNETISM AND ELECTRICITY FOR STUDENTS 
A eed NESS es oer 
CE and ED. The component CE will be attracted towards AB, 
and ED will be urged upwards and parallel to itself. These 
B combined effects will tend to rotate CD into 
D a position parallel to AB. If either of the 
currents is reversed the forces will tend to 
rotate CD away from AB. Hence, two circuits 
crossing obliguely attract each other when cur- 
rents traversing them proceed from or to the 
apparent point of intersection, but repel each 
other if one current proceeds from and the other 
towards that point. 
If one of the conductors is sz#wous, as in 
Fig. 195, the mutual forces are the same as when 
the sinuous conductor is replaced by a straight 
conductor of the same length; for each element 
Al C may be resolved into two components, of which 
BiG-a208, that parallel to AB is effective, while the con- 
secutive components perpendicular to AB will have opposits 
effects, and will neutralise each other. 


SUMMARY. 


The magnetic field round a wire conveying a current.—Ampére’s 
Rule :—Suppose a man to be swimming in the wire with the current, and 
with his face towards a magnetised needle ; the north-seeking pole is de- 
flected toward his left hand. 

The lines of force are circular and concentric with the wire. The 
positive direction of the lines appears to be clock-wise to an observer 
looking along the wire when it is conveying a current away from him. 

Maxwell’s Cork-screw Rule:—Jmagine a corkscrew being screwed 
along the wire in the direction in which the current is passing. The 
direction in which the thumb rotates indicates the positive direction o) 
the lines of force. 

The magnetic equi-potential surfaces are planes passing through the 
axis of the wire, radiating outwards, and distributed at equi-angular 
distances apart. 

The magnetic force varies directly as the current strength and inversely 
as the distance, and, in the case of an infinitely long wire, ts numeri- 


cally equal to 27/r, where z is the current strength in C.G.s. units 
and 7 is the distance. 
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Laplace’s Law :— The force exerted on a magnet pole by an infinitely 
short element of a conductor conveying a current is inversely proportional 
to the square of the distance, and directly proportional to the length of the 
element, to the current strength, to the pole strength, and to the sine of the 
angle of inclination of the element to the line joining the pole to the centre 
of the element. 

Magnetic Field due to a current in a circular conductor.—/f a coi/ 
ts held so that its face is perpendicular to the line of sight, and if the 
current appears to pass round the coil in a clockwise direction, then that 
face will have south-seeking folarity. 

The intensity of the field due to a circular current of 7 c.cG.s. units 
at a point on the axis of the circuit and distant x from its centre is 


ix 2ma?/(a? + x2), The intensity at the centre of the circle is 277/a. 

The C.G.8. Electro-magnetic Unit of Current.—A4 current has unit 
strength when 1 cm. length of the circuit, bent into the form of an arc 
of 1 cm. radius, exerts a force of 1 dyne on a unit magnet pole placed 
at the centre of the arc. 

Equivalent Magnetic Shell.—A thin steel lamina, magnetised trans- 
versely, creates a magnetic field identical with that due to a current 
traversing a single closed circuit when its magnetic moment J7/ is equal 
to the product of the area of the circuit and the current Zz (c.G.s. 
units), or when J/=71ra?7, 

The strength of a magnetic shell is defined as the product of the 
pole-strength per unit area and the thickness of the shell. 

Magnetic intensity due a solenoid.—The intensity at a point inside 
the solenoid, and at some distance from either end, is equal to 472, 
where z is the number of turns of wire per unit length. The intensity 
at either end is 2777. 

If zis the current strength in amperes, the product wz is termed the 
ampere-turns per unit length. 

The magneto-motive force is the product of the intensity and the 
length of the field. 

Mechanical force acting on linear conductors.—Fleming’s Rule :— 
Hold the thumb and first finger of the lett hand as Sully extended as 
possible, and bend the second jinger at right angles to the palm. Tf the 
first finger represents the direction of the lines of force, and the second 
finger that of the current, then the thumb will indicate the direction of 
motion. 

Every circuit ts acted upon by forces, which tend to alter its position, or 
its configuration, so as to make i embrace a maximum number of lines 


of force. 
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The work done when a current moves across a magnetic field ts equal to 
the product of the current strength and the total number of lines of force cut. 

Two parallel conductors attract each other if currents traverse thent 
in the same direction, and repel cach other if the currents are in 
opposite arection. ; 

Two circuits crossing obliquely attract each other when currents tra- 
versing them proceed from or to the apparent point of intersection, but 


repel each other if one current proceeds from, and the other towards, that 
point. 


QUESTIONS ON CHAPTER XV. 


1. An electric current is flowing along a wire. You are given a 
pivotted compass needle, and are required to find out by its aid 
which way the current is flowing. How would you proceed (qa) if the 
wire in question lies horizontally ; (4) if the wire runs vertically ; (c) if 
the wire is coiled up in a circular coil or open hank ? 

2. A road in the northern hemisphere runs magnetic north and south, 
At one point an insulated conductor passes beneath it in which an 
electric current flows from east to west. How will the indications of a 
dip circle be affected at points near to the conductor ? 

3. A wire is stretched from east to west (magnetic). How, without 
breaking it, can you test whether, and in what direction, an electric 
current is passing through it ? 

4. Define unit magnetic pole and unit electrical current in the 
electro-magnetic system, and state the relation of the ampere to the latter. 

5. What would be the magnetic effect produced on a straight steel 
tube by the passage of a strong current through a straight wire placed 
along the axis of the tube? and how would you prove your statement ? 

6. What are the general laws of attraction and repulsion of currents, 
and how would you experimentally investigate them ? 

7. Experiments are to be arranged to find out how the conductor 
carrying an electric current tends to move in a magnetic field. What 
experiments would you arrange? 

8. State the rules by which the force acting on a conductor carrying 
a current in a magnetic field can be determined. 

A vertical circular ring, radius a, carrying a current z,.is in equi- 
librium in the earth’s magnetic field when perpendicular to the meridian. 
Find the work required to twist the ring round a vertical axis until its 
plane coincides with the meridian. 

9. How would you show by experiment that the magnetic field due 
to a plane current circuit, at any distance great compared with the 
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dimensions of the circuit, depends not on the form but only on the area 
and the current, and that it is equal to that of a certain magnet set with 
axis perpendicular to the plane of the circuit? Show, by considering 
the case of a plane circular current, that the moment of the equivalent 
magnet is (area x current). 

10. Describe a form of apparatus by means of which the fundamental 
laws of the attractions and repulsions observed between conductors, in 
which currents are flowing, may be demonstrated. 

11. Find an expression for the magnetic force at any point on the 
axis of a circular coil carrying a steady current. 

12. A current is sent through two equal and parallel rings of wire 
placed somewhat close together ; draw a diagram showing the distribu- 
tion of magnetic force due to the current, (i.) when it goes round the 
two rings in the same direction, (ii.) when it goes in opposite directions. 

13. Find an expression for the strength of the magnetic field near the 
middle of a long uniform solenoid. Indicate by a diagram the manner 
in which the field varies near the ends, and find approximately the value 
of the field just inside the ends. 

14. What is the strength of the magnetic field 5 cms. from a long 
straight wire conveying a current of 15 amperes? 

15. Three parallel wires are each 10 cms. distant from the other two, 
and each is traversed by a current of Io amperes in the same direction. 
Find the magnitude of the force acting on each centimetre length of 
one of the wires, and show its direction by means of a diagram. 

16. What is the intensity of the magnetic field at the centre of the 
coil of a tangent galvanometer of 20 turns of wire and 25 cms. mean 
radius when traversed by a current of 0.1 ampere? 

17. Find the intensity of the field near the centre of a solenoid, 
80 cms. long, wound with four layers of wire of 400 turns each, 
when traversed by a current of 4 amperes. 

18. Ilow may the intensity of the magnetic force inside a solenoid be 
approximately calculated? What is it in one of 300 turns, 15 cms. 
long, which carries a current of 0.2 ampere? What effeet has the 


diameter of the solenoid ? 


CHAPTER XVI 
GALVANOMETERS AND ELECTRO-DYNAMOMETERS 


THE mutual electro-magnetic forces between a wire conveying 
a current and a neighbouring magnet may be used in order to 
detect the presence of an electric current ; an instrument devised 
for this purpose is termed a Galvanoscope. If the instrument is 
so designed that by its means a current may be measured, it is 
then termed a Galvanometer. 


Fic. 196.—An Astatic Galvanometer. 


Nobili’s Astatic Galvanometer.—This instrument (Fig. 196) 
is really a special type of galvanoscope of which the semszézéaty 
(¢.e..the amount of deflection obtained with a given current) is 
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increased by using an astatic pair of needles suspended by 
means of a single silk fibre so that the lower needle moves 
within the space enclosed by a rectangular coil (Fig. 197) Ut 
is evident that the deflection of both needles due to a current 
will be in the same direction. In practice the needles are never 
of exactly the same size 
and magnetic moment; 
and, as explained on p. 86, 
the controlling force is 
(m-—m’')H, where m and 
m' are the pole-strengths 
and H is the horizontal 
intensity of the earth’s 
field. Nevertheless this 
force is usually so small 
that the needles take up 
their position of rest in Fic. 197-—Principle of the Astatic Galvano- 
obedience to the torsion aia 

of the suspending fibre, which is therefore, in this instrument, 
the chief controlling force ; the magnitude of this controlling 
force depends upon the force with which the twisted fibre tends 
to untwist. 

The Tangent Galvanometer.—In order that a galvanometer 
may obey the tangent-law (p. 18) it is necessary that the field 
created by the current shall be uniform within 
the region in which the needle is capable of 
moving, and that the controlling force shall be 
due to a uniform magnetic field. In a properly 
constructed tangent galvanometer the torsion 
of the suspending fibre should be negligible, 
and this is obtained if the fibre is sufficiently 
long and narrow. The field due to the current 
is uniform if the coil is circular and of con- 
siderable diameter; but even in this case it 
is necessary to use a very short needle, so that 
when deflected it does not move into regions where the field 
is not uniform. 

If ms (Fig. 198) represents ge needle deflected through 6’, 
and if F and H are the intensities of the fields due to the current 


H.M. 


Fic. 198. 
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we 


and the earth’s horizontal component respectively, then, by 
taking moments round the centre of the needle, F=H tan 6. 
But, by p. 255, F=27¢/a2, where z is the current in C.G.S. units 
and a is the radius of the coil. Hence, 


Z ete tan 0. 
27 
If the coil has turns, then 


2 H 
j= = ane 
21M \ 


The quantity 277:/a is called the true constant! of the galvano- 
meter and is denoted usually by the symbol G. Hence, 


i= fie 6. 


G 

The quantity @H/277 is called the reduction factor and is 
denoted by the symbol & (If the current is expressed in 
amperes then £=10aH/27r7.) The equation for the tangent 
galvanometer may therefore be written 

z= &tan 0. 

The value of the constant G is determined by measuring the 
dimensions while the coil is being wound. If the coil consists 
of several turns of wire, and if considerable accuracy is required, 
allowance must be made for the fact that all the turns cannot 
be at the same distance from the centre. 

The construction of a tangent galvanometer is identical with 
that of a s7ze-galvanometer (Fig. 200) except that the horizontal 
scale on the base of the instrument is omitted. A useful type of 
instrument is constructed by winding two or more separate coils 
on the circular wooden frame. The magnetised needle is sus- 
pended, by means of a single silk or quartz fibre, at the centre of 
the coils and above the centre of a circular scale. A long 
pointer is attached to the centre of the needle and at right 
angles to its axis. The needle is protected from air currents 
by placing a glass shade over the instrument. 

It may be proved that a tangent galvanometer is most semsi- 
tive when the deflection is practically zero, and that a small 


1Since the intensity of the field at the centre of the coil is 2m/a (see p. 255), the 


true constant may be defined as the intensity of the field at thé centre of the coil 
when traversed by 1 c.G.s. unit of current. 
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error in reading the deflection will introduce a minimum error 
into the calculation when the deflection is 45°. Error in obser- 
vation may arise from three causes : 

(i) Parallax: the eye should be vertically over the needle 
when reading the deflection. This is ensured by mounting the 
circular paper scale, of which the central portion is removed, on 
a plane mirror; the eye is moved until the pointer hides its 
image reflected from the mirror. 
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Fic. 199.—The Magnetic Field of a Helmholtz Tangent Galvanometer. 

(ii) The suspending fibre may not coincide with the centre of 
the circular scale: errors due to this are eliminated by taking the 
mean of the readings of both ends of the pointer (cf. p. 100, § 4). 

(iii) Zhe axts of the magnet and the plane of the coil may not 
coincide with the meridian (the former due to torsion in the 
fibre): in this case the errors are eliminated by observing 
deflections when the current is reversed, and taking the mean 
ot the four readings obtained. Deflections are observed more 
accurately if a mirror is attached to the magnet, and a beam of 


light reflected from the mirror on to a scale (p. 277). 
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A greater uniformity of the field due to the current is obtained 
in a type of galvanometer, due to Helmholtz, in which two equal 
circular coils are fixed so that their axes coincide and at a dis- 
tance apart equal to their common radius. The needle is sus- 
pended at a point midway between the coils. The field extending 
to a distance equal to one-tenth the radius on either side of this 
point is practically uniform. This may be understood clearly by 
plotting on squared paper 
the value of the intensity 
of the field, 2ra?7/(a*t+-x?)2, 
due to each coil at various 
points along the axis; the 
resultant intensity is ob- 
tained by adding together 
the intensities due to the 
separate coils. In Fig. 199 
AB’ represents the inten- 
sity curve for a single turn 
of wire, of radius 20 cms., 
traversed by unit current 
and situated in the plane 
: = AB. Also A’B represents 
Fic. we —the Sine Galvanometer. ie. one ned: trom 4 

similar circuit in the plane 
A’B’. CC’ is the curve of resultant intensity, the numerical value 
of which is shown on the right hand of the diagram, and its con- 
tour indicates that the intensity is uniform over a 


considerable distance midway between the coils. 4H 
The Sine Galvanometer.—A sine galvano- 

meter (Fig. 200) only differs from a tangent hag 

galvanometer in that the coil can be rotated round iy 


a vertical axis passing through its centre, and 
the amount of rotation can be observed by means 
of a horizontal scale fixed below the coil. The 
coil is initially adjusted so that its plane is in the 
meridian ; when the needle is deflected by a 
current the coil is rotated until its plane coincides 
with the magnetic axis of the needle. In this position the 
defiecting force F (Fig. 201) due to the current is perpendicular 


Fic. 201. 
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to the axis of the needle, and the equation of equilibrium is 
F=Hsin@. The general equation is therefore 

i= 8 sin 0. 
The advantage of this instrument is that the needle is always 
in the same position relatively to the coil, and therefore the 
deflection is not liable to error due to want of uniformity of 
the field; also the suspending fibre remains untwisted, and 
therefore no error due to torsion is introduced. But since the 


maximum value of sin@ is 1, currents greater than B units 
cannot be measured by means of the instrument. 

Mirror Galvanometers.—In principle these instruments may 
resemble either a galvanoscope or a tangent galvanometer, 


Fic. 202.—Galvanometer, with Lamp and Scale. 


except that the pointer is replaced by a circular mirror (about 
I cm. diameter) attached to the needle, from which a beam of 
light is reflected on to a horizontal paper scale placed at some 
distance from the mirror. The beam of light is equivalent to a 
pointer of length equal to twice the distance between the mirror 
and the scale. In Fig. 202 the beam of light is derived from 
an electric incandescent filament enclosed in a metal case fitted 
with a horizontal adjustable tube, in which a lens is fitted. 
The beam of light is directed upon the mirror of the galvano- 
meter and reflected back to the divided scale ; and deflections 
are observed by focussing the image of a fine ‘vertical line 
scratched on the surface of the lens. A concave mirror is 
generally used, and the cross-line can then be focussed with- 
out using an auxiliary lens. In using this method of observa- 
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tion it is necessary to remember that the reflected beam moves 
through an angle which is twice as great as that through which: 
the mirror moves (p. 96).. If a and 6 are the angles through 
which the mirror and the beam of light are deflected, then. 
$=2a; and, if 6 is small, tand=2 tana. 

deflection in cms. 
2 x distance of mirror from scale’ 

The angular deflection of the: 
needle is usually very small, and! 
it may therefore be assumed that. 
the field due to the current is uni-- 
form within the range of movement: 
of the needle ; hence the instru-- 
ment will obey the ¢angent law, 
and currents traversing the coil: 
are proportional to the tangent of: 
the angle of deflection, and there- 
fore to the deflection of the image- 
on the paper scale. Nevertheless, 
owing to the indefinite dimensions. 
of the coil and to the nearness of 
the windings to the magnet, it is 
not posswble to calculate the ‘con- 
stant’ or the ‘reduction factor’ 
from the dimensions of the coil as. 
in the case of a tangent galvano- 
meter. It is necessary to measure: 
the current to which an observed 
deflection is due by an inde- 
pendent method, e.g. by means of a 
copper or silver voltameter (p. 457). 

The current strength necessary 
to give a deflection of one scale- 
division is termed the sensibility of 
the galvanometer. But a state- 
Fic. 203.—Kelvin’s Mirror Galvano- ment of the sensibility is incom-- 

meter. 
plete unless the length of a scale-- 
division and the distance of the scale from the mirror are given. 

Fig. 203 represents Kelvin’s Mirror Galvanometer, which con-- 


Hence tana 
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sists of a hollow circular coil of silk-covered copper wire, in the 
centre of which the mirror is suspended by means of a single 
silk fibre. The needle consists of two 
or three short lengths of magnetised 
watch spring attached to the back of 
the mirror. A controlling magnet, 
which may be raised or lowered along 
a vertical rod above the instrument 
serves to modify the magnitude and 
direction of the earth’s magnetic field. 
Without the controlling magnet it 
would always be necessary to place the 
galvanometer with the plane of its 
coils in the magnetic meridian, and 
it would be impossible to modify the 
sensibility of the instrument. 

A still more sensitive instrument is 
obtained by constructing a mirror gal- 
vanometer with an astatic system of 
needles. Each set of needles is sur- (Galvanometce 
rounded by its own coil, and the coils 
are connected together in series as shown in Fig. 204. The 
highest sensibility is obtained by adjusting 
a controlling magnet so that the field is 
not quite uniform over the whole magnetic 
system. 

Suspended Coil Galvanometers.—It 
has been shown (p. 257) that the moment 
of the couple acting on a rectangular coil, 
traversed by a current 7 and suspended 
with its plane coinciding with the direction 
of a uniform magnetic field H, is equal to 
AzH, where A is the total area of all 
turns of the coil. This principle is ap- 
plied in a type of galvanometer of whici. 
the @Arsonval (Fig. 205), is the most 
Fic. 205.—The d’Arsonval familiar example. The magnetic field is 

Seabee derived from a cylindrical magnet M built 
up of highly magnetised rings of tungsten steel. The coil C is 
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hung on a stretched strip of phosphor-bronze which conveys 
the current to and from the coil; a strip is preferable to a wire, 
since the cooling surface is greater, the temperature more 
uniform, and the torsional rigidity therefore less liable to 
change. : 

The torsion set up in the strip is the controlling force. The 
fixed cylinder A, of soft iron, serves to concentrate the magnetic 
field. If Ty is the torsional couple set up when the suspension 
is twisted through unit angle, then, when a current traverses the 
coil and gives a deflection a, 


7H xA cos a=Toa. 


But, if ais small, a=sin a; hence7=Ty tan a/AH C.G.S. units. 
This may be written 7=£ tan a, where 4=T,/AH. 


This assumes that the magnetic field is uniform in direction. If the 
pole-faces of the field magnet are curved, 
and concentric with the cylinder A (Fig. 206), 
the moment of the deflecting couple is 
constant, since in all positions the direction 
of the field coincides with the plane of the 
coil. The current is then proportional exactly 
Fic. 206. to the deflection observed. 


The special merits of this type are as follows: (i) The 
deflections are scarcely affected by external magnetic fields. 
(ii) The instrument may face in any direction, since the zero 
position of the coil is independent of the direction of the magnetic 
field in which it is suspended. (iii) The coil is practically 
aperiodic (or deadbeat), particularly if it is wound on a frame of 
sheet copper, when the movements of the coil are damped down 
by the eddy-currents (p. 416) induced in the copper frame. 
(iv) The instrument is adapted for da//istic experiments if the 
coil is wound on a frame of non-conducting material. 

The disadvantages of this type of instrument are: (i) The 
sensitiveness cannot be modified by means of a controlling 
magnet, and (ii) The damping is usually appreciable. 

Ballistic Galvanometers.—If it is desired to measure the 
quantity of electricity which passes when a current of extremely 
brief duration traverses the coil of the instrument, it is necessary 
that the needle (or coil, if a suspended-coil galvanometer is used) 
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shall be so constructed that the duration of the current is small 
compared with the time of vibration of the needle; also the 
retardation or damping of the swing of the needle must be very 
slight. With such an arrangement the momentary 
current will pass before the needle has appreciably K A 
moved from its position of rest; but the needle will B 
have received an zwpulse, a measure of which is 
obtained by observing the extent of the first swing. 

This type of instrument is termed a ballistic gal- 
vanometer. The following paragraphs show how, 
in the case of the needle instrument, the quantity 
Q of electricity may be deduced from an observa- 
tion of the angle of throw of the needle. 

In Fig. 207 let OA represent the semi-length of 
the needle, and OA’ its position at the limit of its o 
first swing. If wz is the pole-strength, H the field- 
strength, and 2/ the length of the magnet, then 
the work done against magnetic forces due to the field is 


2mH x AB =2mH (OA — OB)=MH(1—cos 6)=MH. 2 sin? 
This must be equal to she initial kinetic energy of the 


needle, or meee) 
cedle; 4Ko?=MH . 2 sin. 


Fic. 207. 


or wo=2/MH/K. sin’, Ge caaston waster sec (i) 


If zis the mean current (in C.G.S. units) during the short time 
interval df occupied by the discharge, and if G is the constant 
of the galvanometer, then Gz is the intensity of the field at the 
centre of the coil, and Gz is the force acting on each pole, 
The impulse on each pole is Gi xdt; and the moment of the 
impulse is Gim.dtx27=MGi.df=MGQ. But the moment 
of the impulse must be equal to the initial »zoment of momentum 
(Ko); hence MGQ=Ka, 
or C= UVIG | Ketescaectavsscossees ca sense (ii) 

Hence, from equations (i) and (ii), 


MGQ/K=2/MH/K. sin}, 


Kiab 
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.The quantities K and M may be eliminated by substituting 
their values expressed in terms of T, the time of one complete 
oscillation, where T=2rV/K/MH. Hence 

TH fe dele 
Q pay og sin> => Gr ary E 
where s is the deflection in scale ae and L is the distance, 
in the same units, between the mirror and the scale. 

In practice it is usual to eliminate H/G by observing the 
steady deflection a produced by a known current A C.G.S. units, 
when H/G=A/tana. Hence 


Logarithmic Decrement.—In the above formulae for the ballistic 
galvanometer it is assumed that the magnetic couple due to the earth’s 
field is the only cause tending to bring the needle to rest, and no 
allowance has been made for the damping of the movement due to 
air-friction and to induced currents set up in the surrounding metal- 
work. It is known that the amplitude of successive swings of a 
galvanometer needle diminish in geometrical ratio, and if 51, 59, ... are 
the amplitudes of successive swings, then 

a weal =p (a constant). 
Sg Ss oe 

The relation between the observed amplitude s of the first throw, and 
the amplitude s) which would have been observed 27 the absence of any 
damping, is indicated by the fact that the damping has been in operation 
during only one-half of one swing; hence, in this case, the damping 


4 
factor is pt sor sp=ps.* 


If the constant p is denoted by e*, where 2 is the Napierian logasitics 
IN 


of p, then phadart4y.. . Hence sy=s(1 +3). The quantity is 
called the logartthmic decrement. 

In practice, the value of p is determined accurately by observing the 
amplitudes of two swings separated from each other by an observed 
number of swings; thus, if the 1st and the 9th swings are observed, 
pS=54/59. 

Ballistic Galvanometer (suspended coil pattern).—The work 
done against the torsion of the suspension must be equal to the initial 
kinetic energy of the coil. If Ty is the moment of torsion of the sus- 

* Sy _ S465 S1 


‘ is Ss s 
=~ 5 or 5y.5=4/5y5 Hence + =—t—=,) Lee & 
51-5 (Sa S15 WN 9 So 
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pension and @ the final deflection of the coil, the resistance of the 
suspension at the end of the swing is T,@, and the mean resistance is 
T,4/2. Hence the work done against torsion is T,62/2. The initial 
kinetic energy is Kw?/2. Hence 
$Ku?=3T 6", 

or WDA MAP ROMS, Oe occ oe cccsteiack (iii) 
If zis the mean current during the short period dt of the discharge, 
the mean moment of the force tending to twist the coil about a vertical 
_ axis is Z7HA, where A is the total area of the coil, and H is the intensity 
of the magnetic field ; and the mean moment of the impulse is ZHA. df, 
or QHA. But the moment of the impulse is equal to the moment of 
momentum (Kw) of the coil ; hence 


QHA=Ka, 
or Oo] LEAT. csos000 By scocaeosussa0 (iv) 
But, from (iii), o=ONT,/K, 
and from p. 280 AH=Tya/z’. cos a, 
where a is the deflection due to a constant current 2’. 
Hence Co kee oy 2 x4 Ta 4 
_ 6.7 cosa K, 
a To 


The quantities K and Ty may be eliminated by substituting their value 
in terms of T, the time of one complete oscillation, where T=2aNV K/T). 
CaeteCOsa, Loa def 


Hence = 
Q 27a 20 


As in the case of the needle instrument, a correction for damping 
must be made in the value of @. 


EXxAMPLE.—In order to find the capacity of a condenser, it was 
charged to a potential-difference of 1.43 volt, and discharged through 
a ballistic galvanometer (suspended coil type). The mean deflection 
was 17.5 cms. on a scale placed 110 cms. from the mirror. The time 
of 15 complete oscillations was found to be 175 secs. ; and the ampli- 
tudes of the 5t* and 30%" swings were observed to be 16.3 cms. and 
3.5 cms. respectively. The constant (%) of the galvanometer was 
determined by connecting its terminals to a potential-difference of 
2.14x 10-4 volt; and the observed deflection was 22.6 cms. The 
resistance of the galvanometer was 650 ohms. 

0=17.5/(2 x 110)=0.0795 radians; T=175/15=11.67 secs. 5 


p= 16.3/3.5 = 1.0635, and pi= 1.0312. 
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In the determination of 2, 


Pare : 2.6 
the tangent of the angle of deviation of the spot of light =**" =o. 20543 
hence, the angle of deviation 43 = EEA Os 
and PR a of the needle = 5°38. 
et eee One = 
Therefore, 2= ian 57.8 ~ 650 x0. T0167 324 x 10-® amp. 
Using the equation Q=6T Z/2z, 


Q=(0.0795 x 11.67 x 3.24 x 10~5)/24 = 4.787 x 1077 coulomb. 

Hence, capacity = Q/V =(4.787 x 1077)/1.43 =0. 335 x 10° farad 

= 0.335 microfarad. 
Weber's Electro-dynamometer.—This instrument may be 
regarded as a standard tangent galvanometer in which the 
needle is replaced by a small coil suspended by a bifilar sus- 
pension so that, when no current is traversing the coils, its 
plane is at right angles to that of the large coil. The usual 


Fic, 208.—Weber’s Electro-dynamometer. 


type of instrument (Fig. 208) resembles Helmholtz’s arrange- 
ment of two parallel coils as described on p. 276. 

The fixed and suspended coils are connected in series, and 
the passage of a current tends to turn the suspended coil so 
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that its plane coincides with that of the fixed coils. The de- 
flection is determined by the relative magnitude of the electro- 
magnetic effects and of the restoring couples due to the earth’s 
field and to the suspension. 

By p. 255 the strength of the field at a point mid-way between 


the centres of the fixed coils is arnatil (52) Gs, where 2 
is the number of turns of wire in each coil and G is the true 
constant of the coils. Also (p. 257) the magnetic moment of 
the moving coil is (7a,2zxthe number of turns)=Sz where 
S is the total area of all the turns of wire. If 6, is the 
angular deflection of the suspended coil, the deflecting couple 
is Gz#S cos 6; The restoring couple due to the earth is 
S?H sin @,; and that due to the bifilar is wsin 6,, where p 
is a constant depending upon the dimensions of the bifilar. 
Therefore, G2?S cos 6,=S7H sin 6,+psin 6, 


(2 
or tan 0, =sHe 
an ae G?S GSH 
= ——| I + —__ = a 
ps p op 


(the higher terms being neglected, since the product SzH is 

always small compared with p). If the current is now reversed, 

the deflection is slightly altered, since the sign of the restoring 

couple due to the earth is reversed ; if the deflection is now 6, 
“ats aes OSI 

By addition, 77=(tan 6, +tan 6,)y/2GS. 

The value of » is determined in the following manner: Since the 
restoring couple due to the bifilar is proportional to the mass of the 
coil and to a constant depending upon the dimensions of the suspension 
(p. 105), we may write 4=M, where M is the mass of the coil. Tian 
the coil is made to vibrate round a vertical axis, then! 

4=2mNK/A\M 

1 This formula may be deduced from that of the simple pendulum (p. 26), in which 


case ¢=27 Aas where @ is the maximum angular displacement (in circular 
mgt sin 6/0 


measure); in this case, mgZsin 6/0 is the moment of the restoring force per unit 
angular displacement. In the case of a bifilar suspension (p. 105), the moment of 
the restoring couple per unit angular displacement may be written AM sin o/a=AM. 


Hence, 4=207V K/AM. 
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where /, is the time of one complete vibration, and K is the moment 
of inertia of the coil. A metal bar, of moment of inertia £ and mass 
m, is now attached to the coil, and the time of vibration again ob- 
served ; then fy = 20n/(K + &)/M(M + m2). 


From these equations the value of \, and therefore of #, can be cal- 
culated.} 


This instrument can be used either for direct or alternating 
currents, since in the latter case the current is simultaneously 
reversed in all the coils. 

Fig. 209 represents a type of ampere-balance used by Lord 
Rayleigh in his determination of the electro-chemical equivalent 
of silver (p. 456). The two fixed coils, 
C, and C,, are horizontal; the movable 
coil ¢ is suspended from one arm of a 
balance, and adjusted so that the axis 
of all the coils coincide. The coils are 
connected in series so that ¢ is repelled 
by C, and attracted by C,, and the 
force acting on ¢ when unit current 
traverses the circuit can be calculated 
from the dimensions of the coils. 
Hence, if the force is counterpoised by 
adjusting weights in the scale-pan suspended from the other arm 
of the balance, the current strength can readily be calculated. 

Kelvin’s Ampere Balance.—Lord Kelvin has designed a 
series of instruments for measuring currents, the principle of 
which depends upon the mutual action between the fixed and 
movable portions of a circuit conveying a current. The mov- 
able portion of the circuit consists of one or more turns of wire, 
with their planes horizonal, and supported at opposite ends of a 
balance-beam free to move round a horizontal axis. The prin- 
ciple of the instrument designed to measure smaller currents, 
e.g. centi-amperes, is represented in Fig. 210 in which a, 4, c, and 
dare fixed coils, e and f movable coils ; all the coils are con- 
nected in series between the terminals T, and T,. The ends of 
the movable coils are supported from two sets of thin copper 
wires, g and /, through which the current passes to and from 


1 For further details, see G. F. C. Searle (The Electrician, Vol. 28, p. 273). 
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these coils. All the coils are so connected that a current tends 
to raise one movable coil and to depress the other, and the 
couple tending to deflect the beam is proportional to the sguare 
of the current strength. Fig. 211 represents the standard centi- 


oH i 


Fic. 210.—Principle of Kelvin’s Ampere Balance. 


ampere balance. A horizontal scale is fixed to the beam, and is 
graduated from left to right. A carrier, which supports a stan- 
dard weight, can be made to slide along the scale by means of 
a cord manipulated from outside the case of the instrument ; 


Fic. 211.—Kelvin’s Centi-ampere Balance. 


also, a second weight may be placed in a V-shaped trough fixed 

at the right-hand end of the beam. The latter weight is adjusted 

so as to keep the beam horizontal when the sliding weight is at 

the zero of the scale, and when no current is passing. ‘Tne 
HLM. K 
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current strength is determined by observing the distance along 
the scale to which it is necessary to move the carrier in order 
to keep the beam horizontal. Other types of the same instru- 
ment have been designed to measure deci-, deka-, hekto-, and 
kilo-amperes. 

Siemens’s Electro-dynamometer.—This instrument consists 
of a fixed coil A (Fig. 212) connected in series with a movable coil 
B, of which the ends dip into mercury cups. 
The coil B is suspended by a silk thread, and 
is controlled by a fine spiral s of steel or phos- 
phor bronze, the upper end of which is attached 
to a torsion-head c. The normal position of B 
is with its plane perpendicular to that of A, and 
with the pointer P mid-way between two stops 
inserted in the edge of the graduated disc. 
The passage of a current tends to rotate B with 
a force proportional to the sguave of the current, 
and P is brought back to zero by rotating ¢. 
Since the restoring force due to the spiral is 
proportional to the angle through which c is 
rotated, hence the latter is proportional to the 
square of the current. 

OT» Duddell’s Thermo-galvanometer.—In this 

Fic. 212.—Siemens’s 44Strument the heating of a wire, traversed by 
Electro-dynamo- a current, is measured by an adaptation of the 

meter. . . . . 

principle of Boys’s radio-micrometer (p. 369). 

The lower ends of a loop L (Fig. 2124) of fine silver wire ter- 
minate in a thermo-junction Bi —Sb. The loop is suspended 
vertically between the poles of a permanent magnet by 
means of a glass rod and quartz fibre. M is a mirror for ob- 
serving the deflections. Immediately below the thermo- 
junction is stretched horizontally a very fine wire H which 
is traversed by the current to be measured, and which serves 
as a heater. Heat is transmitted by radiation and convec- 
tion currents to the thermo-junction, thus giving rise to a 
current in the loop L. The deflection is found to be propor- 
tional to the square of the current ; and, as the heating effect 
is independent of the direction of the current, both direct 
and alternating currents may be measured. According to 
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the purpose for which the instrument is to be used, the heater 
may be of low resistance and consist of a thin metal wire : 
or, if a high resistance is required, a quartz fibre with platin- 
ized surface is substituted. The sensibility varies from 


Fic. 212A.—Duddell’s Thermo- Fic. 2128.—Fleming’s 
galvanometer. Thermo-ammeter. 
20-700 micro-amperes per I cm. deflection on a scale distant 
one metre from the instrument. 


Fleming’s Thermo-ammeter.—Sir Ambrose Fleming, by 
taking advantage of the position of bismuth and tellurium 
on the thermo-electric scale, has devised a thermal method 
of measuring an extremely small current, whether direct or 
alternating. The instrument (Fig. 2128) resembles two glass 
test-tubes, the rims of which are fused together. Four wires 
pass through the bottom of the inner tube ; the ends, A and 
B, of two of these are joined by a thin wire of constantan ; 
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the others are connected to a bismuth-tellurium thermo- 
couple, the junction of which is soldered to the middle point 
C of the constantan wire. “The air is removed from the space 
between the tubes. The deflection observed on a low-resist- 
ance galvanometer G, joined in series with the thermo-couple, 
is proportional to the temperature of the point C, and there- 
fore to the square of the current transmitted along AB. In 
the case of an alternating current the deflection is propor- 
tional to the square of the virtual current (see p. 444). Both 
this instrument and the Duddell thermo-galvanometer are 
appropriate for measuring the extremely small oscillatory 
currents associated with wireless telegraphy. 

Other methods of measuring currents, depending upon the 
heating and chemical effects of the current, are described in 
Chaps. XIX. and XXIV. 


RECENT METHODS OF MEASURING THE MAGNETIC 
ELEMENTS 


Until recently the determination of the magnetic elements 
in any given locality consisted in (i) the measurement of H, 
by means of the Kew magnetometer (pp. 94-5), and (ii) the 
measurement of the magnetic Dip, by means of a Dip Circle 
(p. 99). From these two results, the vertical intensity was 
derived by calculation. Each of these measurements ab- 
sorbed much time; and, for that reason also, the results 
obtained gave only the average values over a period of hours. 
In recent years, electromagnetic methods have been adopted 
for measuring the horizontal intensity and the vertical in- 
tensity ; and each measurement can be completed in only a 
few minutes. From the data obtained, the magnitude of the 
magnetic Dip can be calculated. 


The Schuster-Smith Magnetometer.—In 1913 Sir Arthur 
Schuster suggested an electromagnetic method of measuring 
the horizontal intensity of the earth’s magnetic field : this 
method has been elaborated by Sir Frank Smith, who has 
designed the instrument known as the Schuster-Smith mag- 
netometer (Fig. 212c). In order to ensure a uniform mag- 
netic field, due to a known electric current, a Helmholtz 
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arrangement of two coils (p. 276) is adopted. The equiva- 
lent coilson each side are of twelve turns of 30 cm. radius 
of bare copper wire, wound 
in grooves cut in the surface 
of a marble cylinder. The 
cylinder is mounted so that 
it can be retated round a 
vertical axis; and the angular 
movement of the cylinder is 
observed by means of a ver- 
nier moving over a fixed cir- 
cular scale. 

At the centre of the cylinder 
is a small brass box, with plate 
glass sides; and on the top of 
the box a glass tube is fitted, 
to accommodate the quartz »4 
fibre hehe Chie pido which carries Fic. 212c,—The Schuster-Smith Mag- 
a short magnet, about I cm. netometer,. 
long. The suspension also By courtesy of oN ae Instrument 
carries a small mirror; and 
other mirrors are also fixed to the top of the glass sides of 
the rectangular box. Three horizontal scales are provided, 
each fitted with a lamp to throw light on the various mirrors. 

The current traversing the coils is obtained from a 100-volt 
secondary battery, and is adjusted and regulated by means 
of a 200-ohm manganin rheostat and potentiometer. The 
absolute value of the current is determined by passing it 
through a set of standard coils in the potentiometer, and 
balancing the resultant potential-difference against a 
standard cadmium cell. <A very sensitive galvanometer is 
used to detect the balance point. 

As will be explained in the next paragraph, the determina- 
tion of H resolves itself into measuring two small angles and 
determining the strength of the current, then 


H =Fj C08 @ +008 B 


The ‘ factor ° F of the instrument can be calculated from the 
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dimensions of the coils ; and 7, the strength of the current, 
is expressed in c.G.S. units. 


Theory. of the Schuster-Smith Magnetometer.—It has 
been explained previously (p. 255) that when unit c.G.s. 
current traverses a single turn of a circular circuit, the in- 
tensity (F) of the magnetic field at a point on the axis of the 
circuit, and at a distance x from the centre of the circle, is 
given by the equation F =27a?/(a% +x),? where a is the 
radius of the circuit. When the circuit consists of » turns 
of wire, then 


| aE head EIS 08 eS Te (1) 


(a? +42)3 

Also, it was explained (p. 276) that a very uniform magnetic 
field is obtained, as originally suggested by Helmholtz, when 
two similar circular coils are fixed so that their axes coincide, 
and at a distance apart equal to their common radius: a 
uniform magnetic field is established in the region midway 
between the coils. At the exact mid-point, ¥=a/2; and 
since there are now two coils, equation (1) becomes 


F= 4ma*n  4nn | 4nnx4h 6-477 
rican abth;. (okie aL ATOR aiedae 
(at+o) Ee Rae SATS 

4 


The value of F is determined, therefore, by means Of an 
exact measurement of the radius a. 

Suppose that the marble cylinder is adjusted so that its 
axis 1s horizontal and coincides with the magnetic meridian. 
A current, of suitable strength 7 c.c.s. units, is passed 
through the coils in such a direction that its magnetic field 
is in the same direction as that of the earth, and slightly 
greater than that of the earth. The direction of the cylinder 
is adjusted so that the suspended magnet remains at rest, 
whether the current is passing or not. Then the axis 
of the cylinder must coincide exactly with the magnetic 
meridian. 

In Fig. 212p, AB is the direction of the magnetic meridian, 
The cylinder is rotated through a small angle a, and the 
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current through the coil is reversed, so that the magnet is 
acted upon by the two magnetic fields represented by H and 
Fi respectively. The angle ais adjusted so B 

that the resultant SN of these two fields is 

exactly at right angles to the meridian; and 

the magnet swings round into that position. 

Then 


Es =COS.a 5° OG t= Ht Cosson 322... (2) 


The cylinder is then rotated in the 
opposite direction, and the angle £ is 
adjusted so that the suspended magnet is 
again at right angles to the meridian, but 
with its poles reversed ; then 


HjPz=cos$; or H=Fi cos. ....:. (3) i 5} 
By adding the equations (2) and (3), 


2H =Fi(cos a +cos ), Nisan 
1(COS cos 
ae H = Filcos a +c0s B) A 
Z Fic. 212p. 


Hence H is determined by an accurate measurement of 
two small angles, a current strength, and the ‘ factor ’ of the 
instrument. By this method, a determination of H can be 
completed in about 4 minutes, and the possible accuracy is 
+ 4 parts in 100,000. 


Measurement of the Vertical Intensity.1—The method 
here described was devised by the late Dr. D. W. Dye. The 
principle of the method consists in neutralising exactly the 
vertical component of the earth’s field by means of a vertical 
field produced by a steady current passing through a Helm- 
holtz coil system, similar to Fig. 212c, but with its axis truly 
vertical. The strength of the required current is measured 
by means of a standard resistance, a potentiometer and a 


standard cell. 
There are several methods of observing when the resultant 


1 A magnetometer for the measurement of the earth’s vertical magnetic intensity in 
€.G.s. measure. By D. W. Dye (Proc. Roy. Sov., Series A, Vol. 117). 
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vertical field is zero. In the method finally adopted, a very 
light coil is suspended at the centre of the Helmholtz 
coil system, and so that it may vibrate about a horizontal 
axis. When the suspended coil is traversed by a weak 
alternating current of the same frequency as that of its free 
vesonant vibration, it is very sensitive to a magnetic field of 
suitable direction. The vibration is reduced to zero when 
the applied force, due 
to the current, exactly 
annuls the earth’s ver- 
tical component; and 
the determination of 
V, therefore, consists 
pee in observing the cur- 
rent required to give an 
exact condition of rest 
to the vibrating coil. 
Fig. 212E 1. is a dia- 
-- gram of the method; 
nf and Fig. 212E ii. shows 
Rouieg Conwatle how the flat diamond- 
shaped coil is strained 
between  phosphor- 
bronze suspensions. 
The coil consisted of 
Fic, 212n.—Dye’s method of measuring the @bout 100 turns of thin 
vertical intensity, wire. Movement of the 
coil is observed by means of a mirror attached to it, a 
scale (fixed vertically at a distance of 2 metres) and a - 
lamp. A frequency of 15 cycles per second was found most 
suitable. 
The alternating current required was obtained by means 
of a small ‘rotary-converter’, run from a 6-volt battery. 
Absolute measurements of horizontal intensity and of 
vertical intensity, by the above methods, are now made 
every week-day at Abinger Magnetic Observatory. 


' 
To Battery, Rheostat ' 


and ‘Poten tiometer 


(i) 
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SUMMARY 

The Tangent Galvanometer.—If a wire is bent into the form 
of a circle of radius a, and is traversed by a current of 7 c.c.s. 
units, the intensity of the field at the centre is 2mi/a. Ifthe plane 
of the coil coincides with the direction of a uniform magnetic field 
of intensity H, a short magnet suspended at the centre is deflected 
through an angle 6, such that z2mi/a=H tan 6. Hence i=a tan 
6.H/2z. If the coil consists of turns of wire, then 

t=atan@ . H/27n. 

This is usually written i=tan 6 H/G, where G is the true con- 
stant of the instrument. 

_ A more accurate type of instrument, due to Helmholtz, con- 
sists of two circular coils of the same dimensions, and fixed in 
vertical parallel planes at a distance apart equal to their common 
radius. The magnetised needle is suspended mid-way between 
the centres of the coils. 

Suspended Coil Galvanometers.—In this type of instrument 
the magnet is fixed and the coil movable. The coil is practically 
dead-beat if it is wound on a frame of conducting material; on 
the other hand, the instrument is suited for ballistic experiments 
if the frame is of non-conducting material. ' 

Weber’s Electrodynamometer, Kelvin’s Ampere Balance, and 
Siemens’s Electrodynamometer are types of instruments for the 
measurement of current strength. Each may be used for the 
measurement of either direct or alternating currents. 

The Ballistic Galvanometer.—A galvanometer may be used for 
ballistic experiments when the period of swing of the needle is 
considerable and when the ‘damping’ of the swing is slight. 

The Schuster-Smith Magnetometer is based upon the uniformity 
of magnetic field obtainable by means of the Helmholtz arrange- 
ment of two parallel coils, and the accuracy with which a current 
can be measured : it provides a method of measuring rapidly the 
horizontal intensity of the earth’s field. The same principle is used 
in the measurement of the vertical intensity. 


QUESTIONS ON CHAPTER XVI 
1. Explain how the current in a tangent galvanometer, properly 
arranged, is proportional to the tangent of the angle’of deflection. 
Describe some form of tangent galvanometer, and explain how 
the sensitiveness can be varied by suitably placing a magnet 
outside the galvanometer. 
H.M. K2 : 
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2. Describe the construction and use of a tangent galvanometer. 
Calculate the strength of the current in C.G.S. units and also in amperes 
from the following data: Radius of coil, 12 cms. Number of turns in 
coil, 10. Deflection of needle, 45°. Value of earth’s horizontal force, 
0.18. 

3. Discuss the several forces or moments which act on the needle of 
a tangent galvanometer when deflected by the action ofa current passing 
through the coil of the galvanometer, and deduce the law of action of 
the instrument. 

4. A coil of six turns, each of which is I metre in diameter, deflects 
a compass needle at its centre through 45°. Find the strength of the _ 
current in amperes, having given that H=o.18 C.G.s. units. 

5. A current flows through two tangent galvanometers in series, 
each of which consists of a single ring of copper, the radius of one ring 
being three times that of the other. In which of the galvanometers will 
the deflection of the needle be greater? If the greater deflection be 
60° what will the smaller be ? 

6. The coil of a tangent galvanometer is placed at right angles to the 
magnetic meridian and a steady current passes through it. The needle 
when set in vibration makes 5 oscillations in a given time, but only 3 in 
the same time when the direction of the current is reversed. Compare 
the magnetic force at the centre of the coil due to the current with that 
due to the earth. 

7. Describe two methods of procuring an astatic system of magnetic 
needles, and two ways of controlling the sensitiveness of a galvanometer. 

8. Of how many turns of wire must the coil of a tangent galvanometer 
consist, if the radius of the coil is 15 cms., and if a current of 0.01 ampere 
is to produce a deflection of 30°? (H=o.18.) 

9. The coil of a sine galvanometer consists of 100 turns of wire, and 
its mean diameter is I metre. What is the greatest current that it will 
measure at a locality where H=o0.18? 

Io. A sine galvanometer consists of a single coil of 49 turns of wire, 
the mean radius of which is 20 cms. A current of 0.08 ampere causes 
such a deflection that the coil has to be turned through 45° to bring the. 
needle to its original position with regard to: the coil. Determine the 


reduction-factor of the galvanometer, and the horizontal component of 
the earth’s magnetic intensity. 


CHAPTER XVII 
RESISTANCE 


Introductory.—When a steady current is traversing a metal 
wire the total quantity of electricity passing all sections of the 
wire in a given time is the same; it is also equally character- 
istic that there is a difference of potential between all points of 
the wire, and that the potential diminishes in the direction in 
which the current is flowing. The P.D. between any two points 
may be measured experimentally by means of a quadrant 
electrometer, which has been previously standardised by con- 
necting opposite pairs of quadrants to a source of constant and 
known E.M.F., such as a Clark cell. A P.D. may be theoretically 
defined, in C.G.S. units, as the work in ergs which would be 
required in order to convey unit quantity of electricity from the 
point of lower to that of higher potential. 


The terms E.M.F. and P.D. are often used synonymously ; but the 
student is advised carefully to distinguish their meaning by regarding 
them as related to each other in the same sense as cause and effect. 
Thus, the term E.M.F. may be restricted to the source of the current in 
any circuit, and differences of potential are created in all parts of the 
circuit by the E.M.F. In this sense the E.M.F. is strictly local, while 
the P.D. is distributed. Further, we may say that an E.M.F. exists even 
when the circuit is not completed and when no current is flowing, and 
that it is therefore independent of the resistance in the circuit ; but, as 
will be shown in the next paragraph, the P.D, between any two points 
depends entirely upon the resistance between those points. 


The relationship between the current strength in a wire and 
the P.D. between its ends was first investigated by G. S. Ohm 


in 1826. 
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Ohm’s Law.—From his experiments Ohm deduced the 
following law: “In any wire at uniform temperature the current 
is directly proportional to the P.D. between its ends.” If E and I 
represent the magnitude of the P.D. and current respectively, the 
ratio E/I is found to remain absolutely constant, providing 
that the temperature remains unchanged. 

Expt. 73.—If any two points A and C (Fig. 213), on a wire AB 
conveying a current, are touched by the ends of a long thin wire AR,C, 
a weak current will traverse the latter wire from A to C, and it may be 
detected by a galvanometer MG. If another source of E.M.F. such as a 
standard cell E, is included in the circuit and placed so as to tend to 
send a current in the opposite direction, and if this opposing E.M.F. is 
equal to that due to the p.D. between A and C, then no current will 
traverse the galvanometer MG. By varying the position of the point of 


Fic. 213.—Demonstration of Ohm's Law. 


contact C, a point may be found such that no deflection is obtained, and 
the P.D. between A and C is then equal to the E.M.F. of E,, The 
strength of the current along AB may be observed by means of a 
tangent galvanometer TG. If ¢wo standard cells in series are used 
instead of E,, and if the point C remains fixed, it will be found necessary 
to double the strength of current along AB in order to obtain ne 
deflection in MG. If zhree standard cells are used the current must be 
made ¢vee times as great. In all cases che ratio between the number of 
standard cells used and the current strength is constant. 

Resistance.—The ratio E/I, which has a constant value for 
any conductor when the temperature is constant, is called the 
resistance of the conductor. The inverse ratio I/E may simi- 
larly be termed the conductance of the conductor. The numerical 
value of a resistance is expressed in C.G.S. units when both E 
and I are expressed in the same units. 
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The Zractical unit of resistance is called the ohm, and a 
conductor is said to have a resistance of one ohm when a P.D. 
of one volt between its ends creates in it a current of one 
ampere. 

From Ohm’s Law it is evident that if of the three quantities, 
resistance, current, and P.D., two can be defined and accu- 
rately determined, the third quantity can be obtained indirectly 
by means of the other two. The practical units were agreed to 
by the Paris Congress of 1881: the volt, as the practical unit of 
P.D., was fixed as equal to I0* C.G.s, units (p. 414), perhaps 
because this was approximately the E.M.F. of a Daniell cell, 
which was then regarded as the most trustworthy standard of 
E.M.F. ; and the ofm was fixed as equal to 10°C.G.S, units of 
resistance (p. 431), because this was approximately the resist- 
ance of the standard unit previously in use. It therefore follows 
that 1 ampere=108/10®=107! C.G.s. unit of current. 

In experimental work a current and a resistance can be 
measured with far greater accuracy than a P.D. Hence the 
Measurement of current and resistance are usually relied upon 
in order to determine a P.D. in the electromagnetic system. 

Specific Resistance.—Ohm proved that the resistance of a 
conductor depends upon the material, and that it is directly pro- 
portional to the length /, and inversely proportional to the cross- 
section s of the conductor. Hence, 

R=p. 

where p is a constant depending upon the material, and called 
the specific resistance of the material. If both /and s are equal 
to unity, then R=p; consequently the specific resistance of 
any material may be defined as the resistance of a conductor 
of that material 1 cm. long and 1 cm.” cross-section, or as the 
resistance between opposite faces of a centimetre-cube of the 
material 

The specific resistance depends upon the physical condition 
of the material, and, in the case of metals, it is modified by pro- 
cesses of hardening and annealing; it is also, considerably 
modified by the presence of traces of impurity. The specific 
resistance of metals always increases with an increase of tem- 
perature. If Ro is the resistance of a metallic conductor at 
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o° C., its resistance at ¢ C. is approximately represented by the 
equation R:=R (1 +22), 
where a is the temperature coefficient of the material. 

From this formula, the increase of resistance appears to be 
proportional to the rise in temperature, and this is sufficiently 
true over limited ranges of temperature. Between wider limits 
of temperature, a formula involving ¢wo constants is generally 
required, which may be expressed thus : 

R,=R)(1+af+ Bz). 

The values of the constants a and # for any given metal may 
be determined by measuring the resistance at three definite 
temperatures, ¢.g. the temperatures of melting ice, boiling water, 
and boiling sulphur (which boils at 444°.5 C. at normal pressure) ; 
in this manner three independent equations are obtained for the 
calculation of Ro, a and B. The most recent values obtained 
for the constants a and B for mercury are 0.0008878 and 
0.000001037 ; also, for platinum, 

a= +0.003448 and 3= —0.0000005 33. 

It is evident that if the series of values of R; and of ¢ are 
plotted on squared paper, the curve obtained will be a para- 
bola, which is concave towards the axis of the temperatures ; 
and the fact that the temperature coefficient of several pure 
metals varies from 0.0037 to 0,0040, which is practically the 
same as the coefficient of expansion (0.00366) of a gas, has sug- 


gested that the resistance of such metals would be zero at the 
absolute zero of temperature ( — 273° C.). 


Supra-conductivity.—In 1911, Kamerlingh Onnes, at 
Leyden, while carrying out researches at low temperatures 
with the aid of liquid helium, discovered that mercury, when 
solidified by means of the gas, abruptly at about 4.2° K. 
(t.e. —268.8° C.) became what is now termed a supra-conductor 
of electricity. At temperatures below this, mercury offers no 
measurable resistance to the passage of a current: electric 
currents started in aring of mercury, in this state, willcontinue 
apparently undiminished so long as the liquid helium lasts. 

Other metals indicate the same property ; but they do not 
acquire it at the same temperature as mercury. Thus, lead 
becomes a supra-conductor at 7.3° K., tin at 3.7° K. and 
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aluminium at 1.14° K. The same results have also been 
obtained with certain of the rare metals. Some alloys and 
chemical compounds of the metals also 
exhibit the property: thus, copper sulphide 
does so, although neither of its constituent 
elements are supra-conductors. 

Since the electrical resistance of supra- 
conducting metals is zero, no heat is pro- 
duced when currents are passed through 
them; and currents of more than 1000 
amperes have been obtained in wires of 
small dimensions. 

Fig. 2134 represents the method adopted 
by Kamerlingh Onnes to demonstrate the 
property in the metal lead. C isa coil of 
lead immersed in liquid helium. Thekey K,, 
consisting of two blocks of lead, with three 
conical points projecting from one block, is 
also immersed in the helium. Outside the apparatus, the 
circuit was connected to a battery, an ammeter (A) and a 
galvanometer (G). By opening K, and closing K;, a current 
was sent through the coil and through the ammeter; the 
current through the coil was detected by means of a compass- 
needle placed below the coil, but outside the vessel containing 
the liquid helium. K,wasthen closed. When K, was opened, 
the needle was still deflected. Some hours later, K, was closed, 
and K, opened; a deflection of the galvanometer indicated 
that the current originally started by the battery was still 
passing. The deflection of the needle then rapidly disappeared, 
because the circuit traversed by the current included the gal- 
vanometer and the leads attached to it. 


The specific resistance and the temperature coefficient of 
a few typical substances are given in the following table. It 
is important to notice that carbon has a negative temperature 
coefficient ; and the same property is shown in most non- 
metals, including india-rubber, mica, ebonite, etc. In the 
case of electrolytes the specific resistance falls rapidly with 
rise in temperature, and the coefficient varies from 0.5% to 


2% per degree Centigrade. 


Fic. 213A, 
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at 


SPECIFIC RESISTANCES. 


(In microhms ! per centimetre cube, at 0° C.) 


Metals. Soe eu Moe 
Silver (hard drawn), - - 1.652 0.00377 
Copper (hard Eg Mee . - 1.622 0.004284 
Platinum, - - - 11 (at 18° C.) 0.0034 
Mercury, - - - 94.07 0.00089 
Manganin (84Cu + beinin +4Ni), 42-44 (at 18°C.) 0.000025 
Constantan, or Eureka (60Cu + 40Ni), 49 0.00001 
Carbon (arc lamp), - - - 7xI0® -—0.0005 


Liquids (at 15° to 20° C,). 
Water * (ordinary distilled), - 72000 x 10% 
Sulphuric Acid, 10%, density, 1.07, 850 x 10% 


1 The microhm is the millionth part, or 108, of an ohm. 


2 The specific resistance of water is considerably modified by traces of impurity. 
Thus, Kohlrausch found that the value at 18° C, for water purified by distillation in 
vacuo is 3.76 x 1015 c.G.s. units. 


The Action of Light on Resistance.—Mr. Willoughby Smith 
discovered that se/enzum, an element resembling sulphur in its 
chemical properties, is acted upon by light so that it becomes a 
better conductor of electricity than it is in the dark. This 
property was applied, in Prof. Graham Bell’s photophone, to the 
transmission of speech by light. The transmitter consisted ofa 
thin silvered glass diaphragm clamped round the circumference 
like the diaphragm of an ordinary telephone ; and a beam of 
light was reflected from the diaphragm to a distant parabolic 
mirror, at the focus of which was fixed a selenium cell joined in 
series with a battery and telephone-receiver. On exposing the 
diaphragm to air-waves, the variation in the light reflected to 
the parabolic mirror caused instantaneous variation in the resist- 
ance of the selenium, thus giving rise to corresponding vibrations 
of the diaphragm in the telephone-receiver. Sensitiveness of the 
receiver demands a considerable and thin surface of selenium to 
be exposed to the light; at the same time, since the specific 
resistance of selenium is about 10! times that of copper, the 
length of the element included in the circuit must be small. 
The selenium cell, proposed by Mr. Shelford Bidwell, consists 
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of a cylinder of unglazed porcelain round which two separate 
wires are wound in parallel screw threads cut in the surface of 
the cylinder ; the whole surface is then covered with a thin layer 
of selenium, which is ‘ crystallised’ by melting the selenium and 
allowing it to cool slowly. The cell is permanently enclosed 
within an exhausted glass bulb. The action of light in alter- 
ing the conductivity is supposed to arise from a modification 
of the crystalline condition of the metal when exposed to 
light. 

Resistance Coils.—For the comparison of resistance it is 
necessary that other resistances of known magnitude are avail- 
able. If only a moderate degree of accuracy is desired, sets of 
coils are generally used which are so arranged that they may be 
used in any desired combination; such an arrangement is 
known as a veststance-box. Each coil consists of silk-covered 
wire wound on a brass or copper 
cylinder previously covered with 
varnished paper, the wire being 
doubled-back upon itself before 
winding, so as to avoid the effects 
of self-induction (p. 417). The 
wire is usually of a material 
, having a low temperature-co- 
efficient, ¢.g. manganin. Each 
layer of wire is coated with melted 
paraffin-wax, so as to fix the turns, Fic. gig Construction of a 
to insure good insulation, and to sieetanig apr ire 
protect the coil from damp. Fig. 214 represents one method 
of arranging the coils; the free ends of each coil are soldered 
to two long brass screws, which are connected to adjacent 
brass-blocks 6 on the outside of the cover of the box, and the 
space between these blocks is bored conically and filled with 
a conical brass plug fitted with an ebonite handle 7. When 
the plug is inserted any current passing along the brass blocks 
is conveyed through the plug, which offers a negligible resist- 
ance, and scarcely any current passes through the coil, but 
when the plug is removed all the current has to pass through 
the resistance coil beneath. The coils are adjusted so that their 
resistances are multiples of the ohm. 
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When great accuracy is required so-called ‘standard’ resist- 
ances are used. Fig. 215 represents the form of standard 
adopted by the German National 
) Physical Laboratory. The coil con- 
PQQ sists of silk-covered manganin wire 
coated with shellac, and wound round 
a hollow brass cylinder which is 
supported from the vulcanite lid of 
a metal vessel perforated at the 
bottom. The ends of the wire are 
attached to stout copper rods, the 
other ends of which are amalga- 
mated and dip into mercury cups. 
When in use the coil is immersed in an oil bath, which enables 
the temperature to be kept constant ; the temperature is observed 
by inserting a thermometer through the vulcanite lid. 

Resistance of Systems of Conductors.—(i) IN SERIEs.—If 
several conductors are joined together in series so that the 
same current traverses each conductor, then if R and E are 
respectively the total resistance and P.D, between the extreme 
ends, by Ohm’s Law, 


! : R=-—. 


Fic. 215. 


If ~, and e, are respectively the resistance and P.D. between 
the ends of one of the conductors, then 7,=e,/I; similarly 
%,=,/I, etc. Hence 


I 
[rteat =r trate. 
But ¢;+é).+... is equal to E, hence 


E 
R=THNtreteny 


or, the total resistance of a number of conductors joined in series 
is equal to the sum of the resistances of the separate conductors. 


(ii) IN PARALLEL.—If several conductors connect together 


the same points (Fig. 216), the total current I divides between 
the conductors, so that 


I=1,+1I,+ eee 
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If E and R are respectively the P.D. and resistance between 
A and B, then I=E/R ; also 1,=E/7,, I,=E/r,, etc. 


E (2 I ) 
Hen ae Met 
ce R E itn > 
i I I 
Roo 


or, the reciprecal of the total resistance is equal to the sum of the 
reciprocals of the resistances of the separate conductors. 


. 


% 


73 
Fic. 216. 


By means of this result we may readily prove that the resist - 
ance of a wire varies zzversely as the cross-section. For, let two 
wires of the same length and cross-section be joined together 


in parallel; if the resistance of each is 7, then — or 
Ze 
Rel, and the conditions would be exactly the same if the two 


wires were merged into a single wire of the same length, and 
having a cross-section fwzce as great as that of either of the 
original wires. 

When conductors are ccxnected in parallel, the strength of 
current in each branch may be expressed in terms of the total 
current IJ. Thus, if there are three conductors, 


E 
I, T= a, 
4 
ih jan (teutreatri:) 
os 
Hence dye ein EE A SE aa 
Lo, eft 
Vol 
or 1, =I x23. 
To 343 thyo 
a nr 
Similarly, Tae 1 13 etc. 


Pog tT yVgt7 re 
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If there are only two conductors in parallel, then 
7) 
YY as io} 


ied! Sores and I,=Ix 
Shunts.—In measuring strong currents with a sensitive 
galvanometer, it is often necessary to 
connect a resistance (s, Fig. 217) in 
parallel with the coils of the galvano- 
meter, so as to allow only a known 
fraction of the current to traverse 
the instrument. The resistance s is 
termed a shunt to the galvanometer. 
If s and g represent respectively the 
resistances of the shunt and galvanometer, and if Ig is the 
current traversing the latter, then 


S 
Ig=I “ots 


In order that the ratio Ig/I may equal 1/#, the values of s and 
g must be adjusted so that s/(g+s)=1/, or ms=g+5, or 


=e 
ert 
Hence, when —=—, es wan 
rae Ce) 9 


I 
- —=—, s=— xg, and so on. 
7% 100 99 

EXAMPLE.-—A galvanometer of 100 ohms resistance requires a shunt 
in order to reduce the current traversing the coils to one-twentieth of 
the original amount. What must be the resistance of the shunt? 
Also, what additional external resistance must be added so that the 
total resistance remains unchanged ? 
100 
X g=— = 5.263 ohms. 
gs 19 5-203 ohms 
The combined resistance of the galvanometer and shunt is 


Ay 


n-I1 


1&5 __ 526.3 
gts 105.263 


=5 ohms, 


Hence, additional resistance required is (100 — 5) or 95 ohms. 
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The Ayrton Mather Universal Shunt.—The ordinary type of 
shunt-box, used with a galvanometer for the comparison of currents, 
consists of a series of coils having resistances equal to 3th, 4th, and 
sooth part of that of the galvanometer, and the shunt can only be used 
with a galvanometer of one resistance ; also, in using such a shunt, the 
position of the mains conducting the current to and from the shunted 
galvanometer is fixed, and the resistance of the shunt is varied. The 
Ayrton Mather shunt may be used with ay galvanometer for the 
purpose of comparing current strengths, and the important feature of 
the method is that the position of the mains is altered. 

Fig. 218 represents the construction of the shunt-box. The galvano- 
meter is connected perma- 
nently to the points K 
and L, and the main 
current is conveyed to 
and from the apparatus 
by the conductors M, and 
M,. The ends of the 
shur.: coil AE terminates 
in brass blocks on the top 
of the shunt-box; and 
points B, C, and D, of 
the shunt wire, are con- 
nected to other brass 
blocks and adjusted so 
that the resistances of the 
lengths AD, AC, and AB 
Ee equal to yoth, rooth, Fic. 218.—The Ayrton Mather Universal Shunt. 
and yysoth part respec- 
tively of that of the total length AE. 

Suppose a current I, to traverse the main circuit ; then, if the plug 1s 
inserted at e, the current g, traversing the galvanometer is 


= 
: staG47 it 


where Gand ~ are the resistances of the galvanometer and of the shunt 


AE respectively. 
F r 
If the plug is inserted at d, and if the resistance AD is equal to o 
the main current divides at D between two branches—the resistance of 


; - ag 
one branch being erg, and that of the other being x Hence, 
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if the main current is now increased to I,, the current gp traversing tne 


galvanometer is now 


F r 
b ” ruriade 27 
2 = Peart e ie 
ro(n 1) 4 G r+ 
wt % 
I, _ Gr ee i 
af ee. 82° Gtr & 
7” 
a $2. 
81 
If the deflections, d, and d@, of the galvanometer are proportional to 
g, and go, then vA dy 
==". 
I, a 


or, the ratio of the current strengths are proportional to the deflections, 
and independent of the relative resistance of the galvanometer to that 


of the shunt. 
It is also evident that, in any case, if the resistance of the shunt is 


1/zth part of the total shunt resistance, the current traversing the 
galvanometer is 1/th part of that which traversed it when the total shunt 
was used, providing that the same current ts maintained in the main 
ctrcuzt ; and this fraction is independent of the actual resistances of the 
galvanometer and shunt. 

A simple calculation will prove that when 7=10G, the total current 


remains the same when the shunt resistance is changed from + to “- 
fe} 
Kirchhoff’s Laws.—The distribution of current through a network 
of conductors may be determined by the aid of Kirchhoffs Laws. 
8) 


Fic. 219. Fic. 220. 


Law I.--The algebraic sum of the currents meeting at any point 
of a network is zero. This is a direct deduction from the fact that at 
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any point O (Fig. 219) there is no tendency for electricity to accumulate, 
and that the sum of the currents approaching O is equal to the sum 
of the currents leaving O, or 

24 +25 — 23 — 74 =0. 

Law 2.—In any mesh of a network the sum of the electromotive 
forces is equal to the sum of the products of the resistances into the 
respective currents of the separate parts. As an application of this 
law consider the case of a divided circuit (Fig. 220) in which the currents 
are J, z, and 75, and the resistances are R, 7, and7,. Then 


at point A, 7 24=0 (Dy LAW L)\< 2... scvescses san (1) 
in mesh BGD, E=IR+2,% (by Law 2) ....-....ececeeees (2) 
in mesh BGF, E=IR+297_ (by Law 2) ............c0c00s (3) 
From (2) and (3), 257 = Toh gs 
Hence, from (1), I-2z W1_o, 
72 
. 19 
or y= I x —*—. 
4 4+72 


This agrees with the result obtained on p. 299. 


Fall of Potential along a Conductor.—During the main- 
tenance of a steady current along a homogeneous conductor 


i] 

i} 

os 
“B 


Fic. 221. 


of uniform cross-section, one end of the conductor is at a 
higher potential than the other, and intermediate points are 
at intermediate potentials. Since each unit length offers the 
same resistance, the fall of potential for each unit length will 
be the same, or, in other words, the fall of potential will be 
uniform, and can be represented graphically by a straight 
line. Thus, the sloping line VB (Fig. 221) will represent the 
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fall of potential along the homogeneous conductor AB, assum- 
ing that the potential of the point B is zero; the potential at 
any intermediate point is represented by the vertical distance 
of the line VB above the point. Ifa point C midway along AB 
is earth-connected, while A and B are insulated, then the 
potential-slope is represented by the line V’B’, and all points 
between C and B will have zegative potential. At the same 
time the Zofa/ P.D. between A and B has not been altered, and 
therefore the current remains the same, the only alteration being 
in the absolute values of the potentials at individual points. 
Since the resistance of a conductor of uniform cross-section 
is proportional to its length, the diagram can be drawn so 
Vv that the length of the 
line AB is a measure of 
the resistance. If the 


z vertical lines represent 
the P.D. to the same 
scale, then, since 

1=E/R=tan@, 
the current-strength is 
A B C 


represented by the tan- 


gent of the angle of slope. 
In the case of heterogeneous conductors connected in-series 


the diagram is equally simple, providing that the lengths on 
the horizontal axis are strictly proportional to the resistances 
of the component parts. Thus, if AB and BC (Fig. 222) re- 
present two wires of the same material and length, but the 
cross-section of AB is ¢wzce that of BC, the resistance of AB 
will be one-half that of BC. The P.D. between the ends of AB 
will be one-half of that between the ends of BC; this is indicated 
in the diagram, where Av=2Vv. 

Finally, when the diagram is required to indicate the fall of 
potential along the entire circuit, including one or more voltaic 
cells, allowance has to be made for the resistance of the liquids 
in the cells. In Fig. 223 the lines AB and BCC’A represent 
the resistances respectively of a simple voltaic cell and of a 
wire connecting the terminals. The thick line represents the 
potential diagram for the cell on open circuit, and the total 
E.M.¥. of the cell is therefore represented by the height of the 


Fic. 222. 
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line BV. When the circuit is closed, and if we assume that 
the zinc plate is at zero potential, the dotted line will represent 
the potential at various points in the circuit, and a current will 
flow in the direction of the arrow. It is important to notice 
that the P.D. at the terminals is only equal to the height of the 
line BV when the cell is on open circuit, and that when the 
circuit is closed this P.D. is reduced to BV’—the diminution VV’ 
representing that portion of the total E.M.F. which is required to 
transmit the current through the cell. If the lines representing 


Fic. 223. 


resistance and P.D. are drawn to the same scale, the current 
strength is then represented by tan #&. And 

VV =v =r tan 6=71; 
where ~ is the internal resistance of the cell. This result agrees 
with the statements of the following paragraph. 

In the simplest expression for Ohm’s Law, I=E/R, the 
symbol R is used to denote the /ofa/ resistance in the circuit. 
But this equation may be modified so as to distinguish between 
the internal resistance of the battery and the external resistance; 
and if these are denoted by the symbols 7 and R respectively, 
then I= E/(R+7), or 

E=IR+I>». 
By means of this equation the total E.M.F. is divided into two 
portions, a part equal to IR being used in the external circuit, 
and the remainder I7 in transmitting the current through the 
battery. 

EXAMPLE.—The E.M.F. of a battery is 20 volts. When the poles are 
connected by a wire, a current of 2 amperes is produced and the P.D. 
between the battery terminals falls to 15 volts. Find the resistance of 
the wire and the internal resistance of the battery. 


306 MAGNETISM AND ELECTRICITY FOR STUDENTS 


Since H==30, vandi1l=2 
20 
(Ra Aas 10. 
Also TR= 15. 
Hence R=3=7.5 ohms, 
and r= 10—7.5=2.5 ohms. 


The fall of potential along two wires B,C, and B,C, joined 
in-parallel, is represented in Fig. 224. The current at B, and 
B, divides into two 
oe parts which rejoin at 
z C, and C,; letz, and 2, 
~, represent the current- 
~ strengths along B,C, 
ieee and B,C, respectively. 
C, The potentials at B, 
and By, are equal; so 
also at C, and Cy. If 
a terminal of a galva- 
rien nometer be connected 
to any point A on 
B,C;, and the other terminal to a point D on B,C,, then no 
currents will traverse the galvanometer if Av=Dv. 
Let Vg,-Vc, Va and Vp be the potentials at the points B, C, 
A and D respectively ; and P, Q, R and X the resistances of 
B,A, AC,, B,D and DC, respectively ; then, by Ohm’s law, 


< 


we eww oe eee 
‘ 


Vs, — Va=2,P, 
Vz, = Vp = ZR. 
But Vz,— Va=Vz,-—V5d3 
therefore 2,P=7,R 5 or 2,/2,= R/P. 
Similarly 2,Q=2,X ; or 2,/2,=X/Q. 
Hence ; X/Q=R/P, 
or N= ROXIO Ps 


This shows that when we know the magnitude of the resistance 
R, and the ratio of the resistances Q and P, we can calculate 
that of X. This principle, which is applied in the Wheatstone 
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Bridge, is represented more clearly in Fig. 225. If the ratio 
P/Q is adjusted so that there is no deflection in the galvano- 
meter, then P/Q=R/X. As this 
equation may also be written 
P/R=Q/X, the positions of the 
battery and galvanometer may 
be interchanged, and there will 
still be no deflection ; 27 such 
a case the battery and galvano- 
meter are said to be conjugate B 
zo each other. 


Application of Kirchhoff’s Laws 
to the Wheatstone Net.—The A 
current traversing the galvano- 
meter circuit of a Wheatstone net 
may be calculated with the aid of Kirchhoff’s laws. If P, Q, R, X, and 
G represent the resistances of the several branches of the net, and if 
fp, 9, %, x, and g represent the currents traversing the individual 
branches, then, if we assume the direction of the currents to be 
represented by the arrows, 

in mesh BDA, o=rR+gG-ZP, 


Fic. 225.—The Wheatstone Bridge. 


and, in mesh CDA, 0=4X-—gQ-gG. 

But, at point D, x=7-g, 

and, at point A, g=ftg. 

Hence, Om RPG EDP s osctetucssevess At) 
and o=(r-g)X-(p+g)Q-gG 


=7X -£Q -g(K+Q4tG). wn... (ii) 
From equations (i) and (ii), 
Sates PX -QR : 
pte GIP+QO+7R4 X)4+(P+R)(Q+X) 
This is the fraction of the total current which passes through the 
galvanometer; and it is evidently equal to zero when PX=QR, or 


when P/Q=R/X. , 
If we disregard the small effect of G upon the total resistance of 


the net, then the total current may be written 


pore (ovZeQ ere) 


where E and B are the &.M.F. of the battery and the total resistance 
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between B and C through the battery. Hence, the current through 
the galvanometer is 


X-QR 
&~ G(P+Q4+R+X)+(P+R)(QEX) 
3 E(P+Q+R+X) 
B(P+Q+R+X)+(P+Q)(R+X) 
The Metre Bridge.—The metre bridge (Fig. 226) is the 
simplest application of the previous paragraph to the measure- 


Fic. 226.—The Metre Bridge. 


ment of an unknown resistance. It consists of a uniform 
German-silver ! wire, one metre long, stretched alongside a metre 
scale, and with its. ends soldered to stout copper strips E and 
F. There are four gaps between copper strips fixed along the 
other edge of the board, but when the bridge is used in the 
simplest manner the gaps U and V are closed by copper strips 
held in position by binding screws. The resistances R and X 
which are to be compared are attached to binding screws as 
shown. The galvanometer circuit is closed by depressing the 
knob A, which makes contact between a knife-edge and the 
bridge wire. Having found by trial the position of A which 
gives no deflection, then, since the wire is uniform and the 
resistance of any portion is proportional to its length, the ratio 
R/X will be equal to the ratio of the Zengths P and Q. 

It is usual to insert a key or commutator in the battery 


4 Tridio-platinum is preferable, and is now frequently used. . 
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circuit ; and the current should be established before closing 
the galvanometer circuit, so as to prevent deflection by the 
transient current due to the self-induction of the coils. 

The relative positions of the battery and of the galvanometer 
in Fig. 226 are reversed sometimes so as to avoid disturbance 
of the galvanometer by thermo-electric effects at the contact A. 
But, if the apparatus is arranged as in Fig. 226, an obvious 
method of eliminating thermo-electric effects is as follows: 
determine the approximate position of A, open the battery 
circuit, keeping A depressed, and observe the deflection ; then 
adjust the position of A until there is no permanent change of 
deflection when the battery circuit is closed. Thermo-electric 
effects which may be produced at the ends of the bridge-wire 
are minimised by protecting the ends with cotton-wool. 


The accuracy of the comparison is much increased by inserting 
resistances 7 and 7 in the gaps U and V, the magnitudes of these 
resistances in terms of a division of the bridge-wire being known. 
When a balance is obtained then R/X=(7%,+P)/(7%+Q). In Carey 
Foster’s method of using the bridge the resistances R and X to be 
compared, and which are assumed to be nearly equal, are inserted in 
the gaps U and V, and two other resistances 7, and 7, approximately 
equal to R or X are placed in the gaps S and T. If x, is the bridge 
reading, then 

Fins R+x4p 
7, X+(100-.,)p’ 


where p is the resistance of one division of the bridge wire. 
R and X are now reversed and a balance again obtained, then 
Tie) X + xp 
%, R+(100-49)p 


From these equations, R-X=p (x, - x). 


A more compact form of the Wheatstone Bridge is known as 
the Post Office Box (Fig. 227), which consists of a number of 
resistance coils arranged so as to form the three resistance arms 
P, Q, and R of Fig. 225. (Corresponding points in Figs. 225 
and 227 are denoted by the same letters.) Each of the arms BA 
and BD, known as ‘ratio arms,’ consist of three coils the resist- 
ances of which are 10, 100, and 1000 ohms respectively. The 
coils between a’ and C constitute the third arm of the bridge, 
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and their resistances are arranged so that any whole number of 
ohms, from 1 up to 10,000, is available. The point A is per- 
manently connected to @ by a thick wire passing under the 
cover of the box; another wire connects A to the stud of the 
key a, to which one terminal of the galvanometer is connected. 
The point B is similarly connected to the stud of the battery 
key 4. These permanent connecting wires are indicated by the 
white lines drawn on the cover of the box. The battery ter- 
minals are connected to 6 and C; and the galvanometer to @ 


Fic. 227.—A Post-Office Box. 


and D. The resistance X to be measured is joined to D and 
C. In making the measurement, equal resistances are inserted 
in the ratio arms, and the resistance Q is adjusted until a mini- 
mum deflection of the galvanometer is observed ; this gives the 
resistance of X to the nearest whole number. The ratio P/R is 
now made equal to Io, and the resistance of Q again adjusted 
as nearly as possible; Q is now approximately Io times as 
great as X. Finally the ratio P/R is increased to 100, and Q 
again adjusted ; X is then equal to Q/100. 

Platinum Resistance Thermometers.—The accuracy with 
which variations in the resistance of a wire can be measured is 
applied now successfully to the measurement of both high and low 
temperatures for which a mercury thermometer is inapplicableand 
for which an air thermometer! is inconvenient. The methods of 
applying this principle are largely due to Prof. H. L. Callendar.2 
The resistance consists of a coil X (Fig. 228) of pure platinum 


\See Edser’s eat (Macmillan), p. 111. 2Phil. Trans., clxxviii., 1887. 
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wire, wound on a’ mica frame and enclosed in a porcelain tube. 
For extremely high temperatures it is found necessary to use a 


frame of biscuit-porcelain instead of 
mica. The ends of the coil are 
welded to two thick platinum wires 
joined to the terminals T, which are 
connected by long copper wires to 
the points A and B in the Wheat- 
stone bridge. Alterations in the re- 
sistance of the leads due to changes 
in temperature are compensated by 
inserting a duplicate pair of leads C, 
of the same resistance, in the opposite 
arm of the bridge at EF; these 
duplicate leads are termed the com- 
pensator. The two arms of the 
bridge are separated by a straight 
bridge-wire FB, 50 cms. long, and 
adjusted by means of a shunt so that 
the eguzvalent resistance of I cm. 
length of FB is some exact sub- 
multiple—usually 75, ds, or =—of 
the lowest resistance in the set of 
coils R. 

In taking an observation, suppose 
that a balance is obtained at a 
distance x from the centre of the 
bridge-wire. Then, if + represents 
the resistance of the length of wire 
between the centre of the bridge 
and the point of contact, if 2a repre- 
sents the total resistance of the 
bridge-wire, and if P=Q, then 


Fic. 228.—A Platinum Resistance 
Thermometer. 


R4+C+a+4=X+T+a--x. 


But C= Ii 


eX oa; 
where x is positive or negative according as it is to the right or 
left of the centre. The quantity 2x represents the eguzvalent 


312 MAGNETISM AND ELECTRICITY FOR STUDENTS 


resistance, mentioned above, and is equal to twice the ac‘ual 
resistance. 

The constants of any platinum thermometer are determined 
by measuring its resistance at three different temperatures, viz. : 

Ee (i) the boiling point of 

water, (ii) the melting 
point of ice, and (ili) the 
ee boiling point of sulphur 
(which has been accu- 
Ve ee rately determined by 
| means of an air ther- 
mometer). From these 
three observations the 
constants in the parabolic 
formula 

R:=R,(1+a¢+ Be) 
are obtained. Any other 
temperature can then be 
calculated from this equa- 
tion if the resistance R; is measured. 


Resistance 


Temperature 
Fic. 229. 


The usual method of determining an unknown temperature is as 
follows. Let ABCD (Fig. 229) represent the relation. between tem- 
perature and resistance for pure platinum, the points B and C 
corresponding to the temperatures 0° C. and 100°C, Draw the straight 
line BCE through the points B and C. Let OX be the resistance of 
the thermometer at an unknown temperature “°C. Draw XL parallel 
to the axis of temperature and L#, parallel to the axis of resistance. 
Then 

XL/YC=XB/YB, 


or t,/100=(Ry = Ro) /(Ryoo = Ro), 
Re- Ry 
or fp =X TOO. oe eeesccnsnsevenenaberereseves I 
Raw = Ry a 


But this incorrectly assumes that the straight line BLE represents the 
relation between resistance and temperature. The observed temperature 
is really represented by the line XD and is slightly higher than ¢). The 
difference LD is calculated thus: Since Ry=Ro(1+a¢+ 87) and 
Roo = Ro(1 + 100a + 10078), then, by substituting in equation (1) 

Ro (at + Bz?) at+ Be? 

Ry (100a + 10028) - 100 = og 


tp= 
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If the correct temperature is denoted by /, then 


fo ftpct— SE TBA _ ~ Belt 100) 
SE eat cal 


a+10%8B a+10%8 “sei Ace 


The value of the constant D is determined, for a given instrument, by 
standardising it in ice, steam and the vapour of sulphur (B.P. = 444°.7 C.) ; 
the value for pure platinum is about +1.5x 10-4. Sir James Dewar! 
has recently shown that the constant D has a value +2.5x10-4 if 
calculated from the resistance at 100°C., 0° C., and - 182°.5C. 


Grouping of Cells.—In any experiment in which voltaic 
cells are used, the strength of current depends upon the total 
E.M.F. and upon the external 
and internal resistances in the 
circuit, and the best arrangement 
in any given case will be deter- 


* f H H H AY 

mined by the relative magnitudes 

of these quantities and by the We 

strength of current required. WD 

Cells may be connected either 

(i) 2 series, (ii) in parallel, or = L 

(iil) 2 serzes-parallel, poe 
(i) Cells in series.— Fig. 230 (i) 

represents four cells connected A 

in series, the negative terminal 


of one cell being connected to Zz ck ea a Ee 
the positive of the next, and so 
on. If each cell has an E.M.F. BEC a0 
of E volts and an internal re- 
sistance ~ ohms, the E.M.F. and : 
resistance of a battery of z cells will be ~E volts and v ohms 
respectively. If the circuit is completed through an external 
resistance of R ohms, then, by Ohm’s Law, 

 nE 

~ R+ar 

(ii) Cells in parallel (Fig. 230, ii).—The E.M.F. of the battery 

will now be the same as that of a single cell, but the resistance 
of the battery will be th of that of one cell, for the battery is 
really equivalent to one large cell with plates four times as large 


1 Proc. Roy. Soc., 1904- 
H.M. L 
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as those of a single cell. If # cells are connected in parallel, 
then, by Ohm’s Law, 
E 


RAG 
1 


T= 


From the above formulae it is evident that, when r zs great 
compared with R, no advantage is derived by increasing the 
number of cells in series, but that it is an advantage to increase 
the number of cells in parallel. On the other hand, whem FR zs 
great compared with r,an increase in the number of cells in 
parallel does not appreciably increase the current, but the 
current is approximately proportional to the pate of cells 
connected in series. 

_ (iii) Cells in series-parallel (Fig. 230, ii1).—If N cells are divided 
into #2 sets, each containing 7 cells in series, the E.M.F. will be 
equivalent to that of 7 cells in series, each having an internal 
resistance of ~/# ohms. The E.M.F. and the internal resistance 


of the battery will therefore be #E volts and “ ohms respec- 
m 
tively. Hence, by Ohm’s Law, 
Ws mE. mnk 
nr mR+nr 
m 
It can be proved in a simple manner that the current is a 
maximum when the internal resistance is equal to the external 
resistance. For, since z#E is a constant, I will be a maximum 
when (#R-+2r) has a minimum value. Now (mR-+zr) may 


be written 
(VmR —N ary +2N/ muRr, 


and this has a minimum value when 


mR —Nnr=9, 
or mR=nr, 
oy ide 


This arrangement of cells is however not the most economical, 
since, if the external and internal resistances are equal, just as 
much energy is wasted inside the cells as is utilised in the 
external circuit. (See Efficzency of Cells, p. 351.) 


SUMMARY 315 


SUMMARY 


Ohm’s Law.—/n any wire at uniform temperature the current ts 
directly proportional to the potential-difference between its ends. 

Resistance.—The ves¢stance of any conductor is the ratio of the P.D. 
between its ends and the resultant current, or R=E/I. The reciprocal 
of the resistance is termed the conductance. 

A conductor has a resistance of one ohm when a P.D. of one volt 
between its ends creates in it a current of one ampere. 

The ohm, volt, and ampere are the ‘practical’ units of resistance, 
potential-difference, and current respectively. Also, 1 ohm=1I0? C.G.S. 
units, I volt= 108 c.G.s. units, and 1 ampere=107! €.G.s. units. 

The Specific Resistance of a conductor is the reststance of a uniform 
mass of the material 1 cm. long and 1 sq. cm. cross-section. The specific 
resistance varies with the temperature, and its value at any temperature 
2° C. is expressed by the equation 


Re=Ro(1 +22), 
where a is the temperature coefficient of the material. This equation is 


only approximately correct, and the effect of changes of temperature 
is more accurately expressed by the equation 


Rr=Ro(1 +a¢+ Be), 


where a and # are constants for the given material. 
Resistance of Systems of Conductors.—(i) /z serzes.5§ R=4+72+.... 


(ii) Zz parallel. ee SSE 


Shunts.—If in any circuit only a portion of the current is required to 
pass through an instrument included in the circuit, the terminals of the 
instrument may be joined by a wire, which is termed a shunt to the 
instrument. In order to reduce the current through the instrument to 
1/zth part of the total current, the relationship between the resistances 
of the shunt s and that of the instrument g is given by the equation 

I 
= ay -& 

Internal and external resistance in a circuit.—In the case of a 

simple circuit, Ohm’s Law may be expressed I= E/(R+7) or 
E=IR+I,, | 

where R and ~ are the external and internal resistances respectively. 

‘The product Iv represents the £.M.F. used in sending a current I 

through the internal resistance 7. 
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The Wheatstone Bridge is a2 method of measuring resistance based 
upon the fall of potential along two conductors connected in parallel. 
The metre bridge and the Post Office box are special. types of the 
Wheatstone Bridge. oom 

Platinum resistance thermometers are applications of the principle 
that the resistance of a conductor increases when its temperature is 
raised. 

Grouping of Cells.—Cells, N in number and each having an E.M.F. 


and internal resistance equal to E and r respectively, may be arranged 
either 
(i) 22 series, when I= NE/(R+N7), 


(ii) 272 parallel, when I=E / (Rs x), or 


(iii) i m2 rows of n cells each, when t=nE/(R+™). 


mt 


QUESTIONS ON CHAPTER XVII 


1. State Ohm’s law, and explain its meaning as carefully as you can. 


Apply the law to prove that the conductivity of any number of coils 
placed in parallel is equal to the sum of the conductivities of the separate 
coils, 

2. State the law of Ohm and apply it to calculate how many Grove 
cells, each having an electromotive force of 1.8 volts and an internal 
resistance of 0.07 ohm, will be required to send a current of 10 amperes 
through a resistance of 2.2 ohms. 

3. Twelve wires of equal length and electrical resistance are arranged 
to form the edges of a cube, and a current of 4 centiamperes is led into 
the cube at one corner and out at the opposite corner. Find the 
difference of potential between these two corners and the effective 
resistance of the framework between them, the resistance of each wire 
being 6 ohms. 

4. Four points A, B, C, D, are connected together as follows: 
A to B, B to C, C to D, D to A, each by a wire of I ohm resistance ; 
A to C, B to D, each by a cell of 1 volt E.M.F. and 2 ohms resistance. 
Determine the current flowing through each of the cells. 

5. Suppose the electric resistance of a human body, measured through 
the arms from hand to hand was 7,500 ohms, and that the hands grasped 
the terminals of 30 Daniell’s cells joined in series, how much current 
would pass through the body? (1 Daniell cell=1.1 volt, and internal 
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resistance=0.3 ohm). If the various tissues have different conducting 
powers describe in general terms how the current would distribute itself 
between them. 

6. A battery of 6 cells in series, an ammeter and a key are arranged in 
circuit. The poles of the battery are also connected to the terminals of 
a high resistance voltmeter. The voltmeter registers 12.4 volts defore, 
and 10.6 volts after, the ammeter circuit is completed, the ammeter 
indicating 15 amperes. What is the resistance of each cell of the 
battery ? 

7. A circuit is formed of six similar cells in series and a wire of 
Io ohms resistance. The E.M.F. of each cell is 1 volt and its internal 
Tesistance 5 ohms. Determine the difference of potential between the 
positive and negative poles of any one of the cells. 

8. The terminals of a battery of E.M.F. 4 volts and resistance 3 ohms 
are connected by a wire of resistance 9 ohms. By how much is their 
difference of potential altered thereby ? 

9g. The positive poles A and B of a Grove and a Daniell cell are 
joined by a wire of 0.3 ohm resistance, and the negative poles C and D 
by a wire of 0.5 ohm. What is the difference of potential between the 
middle points of AB and CD? 

Grove cell :—Int. resistance=0.2 ohm, E.M.F. =1.8 volt. 

Daniell cell :—Int. resistance=0.4 ohm, E.M.F.=I.1 volt. 

10. The terminals of a battery of E.M.F. 4 volts and resistance 
14 ohms are connected to those of a battery, of E.M.F. 3 volts and 
resistance } ohm, by wires of the resistances I and 6 ohms respectively, 
so that both batteries act in the same direction. Show that if a third 
wire be placed so as to join the middle points of these wires no current 
passes through it. 

11. A battery of 12 equal cells in series screwed up in a box, being 
suspected of having some of the cells wrongly connected, is put into 
circuit with a galvanometer and two cells similar to the others. Currents 
in the ratio of 3 to 2 are obtained according as the introduced cells are 
arranged so as to work with or against the battery. What is the state 
of the battery? Give reasons for your answer. 

12. Two cells, A and B (£.M.F. and internal resistance of each 
are one volt and one ohm respectively), are arranged in series. The 
positive and negative poles of this battery are connected with the positive 
and negative poles respectively of a third cell C, exactly like A and B, 
the connecting wires having negligible resistance. What is the current 
in the circuit, and what is the potential difference between the positive 


and negative poles of the cell C? 
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13. A circuit is made up of (1) a battery with terminals A, B, its 
resistance being 3 ohms, and its E.M.F. 2.7 volts; (2) a wire BC, of 
resistance.I.5 ohms ; (3) two wires in parallel circuit, CDF, CEF, with 
respective resistances 3 and 7 ohms; (4) a wire FA, of resistance 
1.5 ohms. The middle point of the last wire is put to earth ; find the 
potential at the points A, B, C, F. 

14. A compass needle is placed at the centre of two concentric circles 
which are in the same vertical plane and are made of wires similar in 
all respects except that the outer is copper, the inner German silver. 
The wires are connected in multiple arc, but so that the currents which 
flow through them circulate in opposite directions. What must be the 
ratio of the diameters of the circles that no effect may be produced on 
the needle? (.4.—Assume the conductivity of copper to be twelve 
times that of German silver.) 

15. It is found that a current in a given circuit is lowered by the 
inclusion in it of a certain cell. Show that even if the poles of the cell 
were connected by a wire of no resistance it would be unable to generate 
a current as large as that originally in the circuit. 

16.. The electrodes of a quadrant electrometer are joined to the 
terminals of a battery of five cells in series. In what ratio will the 
deflection of the needle be altered if the electrodes are a/so joined to 
the terminals of a battery of three cells in series similarly arranged, all 
the cells being alike and the connecting wires thick ? 

17. A galvanometer, the resistance of which is 4 ohm, being joined up 
in circuit with a cell by thick copper wires, the resulting current is noted ; 
and it is found that the current in the galvanometer is halved if, without 
any other change being made, the terminals of the galvanometer are 
joined by a wire of resistance 0.1 ohm. What is the resistance of the cell? 

18. A wire is uniformly stretched until its length is trebled. Com- 
pare its resistance before and after stretching. 

19. The resistance of 100 metres of copper wire (No. 24 S.W.G. ; 
diameter =0.0559 cm.) is 6.63 ohms at 0° C. What is the specific 
resistance of the copper? 

20, Acolumn of mercury 106.3 cms. long and 1 sq. millimetre cross- 
section has a resistance of 1 ohm at 0° C. What is its specific resistance ? 


21. If the specific resistance of platinum at 0° C. is 8.96 microhms, 
and its temperature coefficient is 0.0032, how long must a wire of 
No. 32 S.W.G. (diameter, 0.0274 cm.) platinum be to have a resist- 
ance of 4 ohms at 50° C.? What would be its resistance at 100° C.? 

22. What length of manganin wire, cross-section 0.4 sq. millimetre, is 
required for a coil of 10 ohms resistance at 15° C. ? (specific resistance 
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at o° C.=41 microhms, temp. coeff. =0.000025). What percentage error 
is introduced by assuming that manganin has no temperature coefficient? 

23. An accumulator cell consists of 5 positive and 6 negative plates, 
each 30 cms. long and 20 cms. broad, placed alternately positive and 
negative, and separated so that the surfaces are at a uniform distance of 
2 cms. apart. If the acid has a resistivity of 10° microhms, calculate 
the internal resistance of the cell. 

24. An E.M.F. of I10 volts is maintained at the ends of a circuit 
which consists of 50 ohms of iron and 60 ohms of copper (both 
measured at o° C.) connected in series. If the temperature co- 
efficients of iron and copper are 0.007 and 0.0043 respectively, plot a 
curve of current as the temperature of the circuit rises to 200° C. 

25. Ifa shunt is to be applied to a galvanometer of 20 ohms resistance 
so that only 1% of the total current passes through the galvanometer, 
what must be the resistance of the shunt? If the resistance of the 
remainder of the circuit is 20 ohms, to what extent is the main .current 
affected? What additional resistance must be inserted in the main 
circuit so as to keep the main current constant ? 

26. The ‘flow’ and ‘return’ wires of a lighting circuit are laid 
separately underground. If each wire has an insulation resistance of 
5 megohms, and if the voltage of the supply is 440 volts, what is the 
leakage current ? 

27. A telegraph line, including instruments, has a total resistance ot 
2000 ohms and is to be worked by Daniell cells. If the internal resist- 
ance and E.M.F. of each cell is 8 ohms and 1.07 volt respectively, 
how many cells will be required in order to transmit a current of 25 
milliamperes ? 

28. The coils of a Post Office box are made of German silver and 
are correct at 15°C. The box is used to measure the resistance of an 
iron wire which is found to be 16 ohms. If the temperature of the room 
is 20°C., and if the temperature coefficients of German silver and of 
iron are 0,00027 and 0.007 respectively, calculate the resistance of the 
iron at o°C. 

29. A reflecting galvanometer of 250 ohms resistance is shunted with 
25 ohms. A cell of negligible resistance and an E.M.F. of 1.5 volts is 
connected in series with the galvanometer through a resistance of 
10,000 ohms. A deflection of 200 scale divisions is observed. What 
is the sensibility of the galvanometer f ? 

30. If there are 18 cells in a battery, each of resistance I. 5 ohm, how 
car. they best be arranged so as to send a strong current through an 
external circuit of 3.5 ohms resistance ? 


CHAPTER. XVIII 
ELECTRICAL MEASUREMENTS 


The Potentiometer.—The principle of the potentiometer 
has been described previously in the experimental verifica- 
tion of Ohm’s Law; but a more complete statement may be 
given here with advantage, since the method is applied very 
frequently in electric measurements. 

In Fig. 230 AB represents a long wire, of uniform cross- 
section, joined in series with a battery E of constant E.M.F., an 


Fic. 231.—The Potentiometer. 


ammeter or galvanometer G,, and an adjustable resistance R. 
If the positive terminal of another cell E, is connected to the 
point A, the positive pole of E, will have the same potential as 
A, and the P.D. between A and the free end & of a wire attached 
to the negative pole of E, will be equal to the P.D. between the 
terminals of E, If the E.M.F. of the battery E is sufficiently 
great, a point C may be found on AB which has the same 
potential as £; and if £ is brought into contact with this point, 
the potential conditions of the circuit AR,# remain unaltered, 
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and no current traverses this circuit. The p.p. between A and 
C is then equal to the P.D. between the poles of E, ; and, if the 
wire AB is uniform, the length AC is a measure of the E.M.F. 
of E,. If contact is made to the left of C, a current will pass 
from £ through E, to A ; and if contact is made to the right of 
C, a current will pass through E, in the reverse direction. The 
point C can therefore be located by inserting a galvanometer 
G, in the branch circuit. A high resistance R, included in the 
same circuit serves to prevent any disturbance of the current, 
and therefore of the uniform fall of potential, in AB; it also 
protects the cell E, from a current of strength sufficient to cause 
polarisation. 

Greater accuracy is obtained by increasing the length of the 
wire AB, which should be constructed of material having high 
specific resistance and low temperature coefficient (e.g. man- 
ganin). _In the;Crompton potentiometer, the wire is divided 
into fifteen equal lengths, of which the fifteenth only is stretched 
over a scale, the remaining fourteen lengths being coiled up 
and joined to the brass pieces of a disc contact maker. By 
connecting one terminal of E, to the rotating arn of the contact 
maker and the other to the sliding contact on the stretched 
wire any required length of the wire may be included between 
the points joined to E,. 


RESISTANCE OF A GALVANOMFTER 


Direct Method.—If a second galvanometer is available, the 
galvanometer of unknown resistance may be inserted in the 
arm X (Fig. 22 5) of the Wheatstone bridge, and its resistance 
then measured in the usual manner. 

Thomson’s Method.—The galvanometer is included in the 
arm X (Fig. 225), and a simple key is placed between A and D. 
If the conjugate condition is satisfied, so that P/R=Q/X, no 
current will traverse the wire AD when the key is closed, and 
the currents in other branches will not be altered by closing the 
key. The resistance Q is therefore modified until the deflection 
of the galvanometer remains the same whether the key is open 
or closed, and. the resistance is then calculated from the equa- 
tion X=QxR/P. 


H.M. L2: 
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RESISTANCE OF A BATTERY. 


Mance’s Method.—Mance made use of the conjugate condi- 
tion of the Wheatstone bridge in order to measure the resistance 
of a battery. The battery is inserted in the arm X (Fig. 225, 
p- 307), and a key is placed in the position usually occupied 
by the battery. The galvanometer is traversed by a current 
which, if Q is adjusted until Q/X=P/R, is the same whether 
the key is closed or open. The disadvantage of this method is 
that a current is always traversing the battery, and this tends to 
modify its resistance, and this current is greater when the key 
is closed than when open ; also the current may be so strong as 
to injure the galvanometer. 

Sir Oliver Lodge has introduced a modification of the method, 
in which a condenser is joined in series with the galvanometer. 
The condenser is charged to a P.D. equal to that between the 
points A and D (Fig. 225), and the needle will only be de- 
flected by charging or discharging currents produced by differ- 
ences of potential at Aand D. Hence if Q is modified until the 
galvanometer is unaffected by opening or closing the key, the 
condition P/R=Q/X must hold good. 

Ammeter and Voltmeter Method.—The battery B (Fig. 
232) is connected in series with a variable resistance R, an 
ammeter A, and a key K. A voltmeter V is connected as a 
shunt to the battery. If E, is the 
voltmeter reading when the key is 
open, and if E, and I aré the read- 
ings of the voltmeter and ammeter 
when the key is closed, then 


E,=IR+Is, 
E,=IR, 
6) pus Ha — Es 
a 


This method is specially applicable 
to the measurement of the internal resistance of a secondary 
battery. 

Potentiometer and Standard Resistance Method.—The 
values of E, and E,, as defined in the previous paragraph, may 
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be determined by means of a potentiometer, in which the fall of 
potential in each centimetre length is known. Also, since 

p2EicEy_Ei-Ey ip 

I E ? 

the ammeter may be dispensed with, if the resistance R is 
known ; nor is it necessary, in this case, to know the rate of fall 
of potential in the potentiometer wire. The wires leading to 
the potentiometer should be connected as near as possible to the 
terminals of R. 


MEASUREMENT OF E.M.F. OF VOLTAIC CELLS 


Comparison by the Method of Sum and Difference.—If E, 
and E, are the E.M.F.’s of two cells which are connected in 
series, and if the circuit is completed through a tangent gal- 
vanometer and a resistance R, then 

E, +E, 
R+7+%2 
If one of the cells is now reversed, then 
E,—F, 
R+™+72 
E,+E,_ tan6, 
ae EF, cian dO? 
E, tan 6,+tan 0, 
E, tan 6,—tan 0, 

Comparison by the Method of Direct Deflection.—If a 
sensitive mirror galvanometer of high resistance is connected in 
series with a voltaic cell of E.M.F. equal to E, and with a resistance 
so large that the angular deflection of the mirror is small, the 
deflection 8, is proportional to E,. If the cell is now replaced 
by another cell of which the E.M.F. is E,, the deflection 6, will 
be proportional to E,. We may assume that the internal re- 
sistances are so small compared with the external resistance, 
that they may be neglected. Hence, 

E, ae 5; 
E, 6, 

Comparison by Clark’s Potentiometer Method.—Since the 
passage of a current through a cell is liable to cause slight varia- 
tion in its E.M.F., it is desirable to adopt a method in which no 


=f tan 6). 


= tan @),. 


or, 
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current is passing through the cell. This advantage is obtained 
in the Potentiometer Method, of which Fig. 231 may be taken as 
a diagram. One of the cells under comparison E, is con- 
nected in series with a high resistance R, and a mirror 
galvanometer Ga, The point of contact C is adjusted so that 
no current traverses G,; the E.M.F. of E, is then balanced by 
the P.D. between A and C. E, is then replaced by the cell with 
which it is to be compared, and the observation is repeated. The 
E.M.F.’s are directly proportional to the observed lengths of AC. 

In Poggendorff's method, which is a modification of the above, 
the wire AB is replaced by two resistance boxes, the terminals 
of ove of them being joined to those of the cell E,. While the 
total resistance between A and B is always kept equal to 10,000 
ohms, the portion of this obtained from the box connected to E, 
is varied until no deflection is obtained in the mirror galvano- 
meter. 

The potentiometer method is particularly applicable to the 
measurement of small E.M.F.’s, such as are obtained by means 
of thermo-couples. 

Method of Determining the absolute E.M.F. of a Cell.— 
The potentiometer method 
of comparing E.M.F.’s ex- 
plains how the absolute 
E.M.F. may be determined ; 
for, if the resistance AC 
(Fig. 231) is known, and if 
the current traversing it 
is measured, then, since 
E=I xR, the P.p. between 
the points A and C can be 
calculated. A coil of man- 
ganin wire S (Fig. 233) is 
immersed in a beaker of 
oil, and its ends are joined 
to thick copper wires which 


Fic. .—The Determinati f sas 
233 nas ee the Absolute dip into mercury cups. The 


cell E, of which the E.M.F. 
is required, is joined in series with a mirror galvanometer G 
and a high resistance R, The current in the main circuit, 
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which is adjusted by the variable resistance R, until there is no 
deflection in G, is measured by means of a copper- or silver- 
voltameter (p. 457). In accurate experiments S is a standard 
resistance, but for approximate results it is sufficient to use 
an ordinary coil, the resistance of which is measured by means 
of a Post-office Box. 


MEASUREMENT OF CURRENT 


Potentiometer Method.—This method is frequently adopted 
for the measurement of strong currents. The current traverses 


Fic. 234.—Potentiometer Method of Measuring a Current. 


a low resistance R (Fig. 234) of known magnitude. The end A 
is connected to one end a of the potentiometer @é, and the other 
end B is connected through a galvanometer g; to a sliding con- 
tact P, ; when the position of P, is adjusted so that there is no 
deflection in g,, the length aP, is a measure of the P.D. between 
AandB. Eisastandard cell of known E.M.F., and is connected 
to the potentiometer through a galvanometer g; ; if there is no 
deflection in g, when contact is made at P., then the length aP, 
is a measure of the E.M.F. ofthe cell. If Iis the current strength 
through R, and if E is the E.M.F. of the standard cell, then 
RI/E=aP,/aP, 
wekeaP, 
or, I= . a 


MEASUREMENT OF HIGH AND LOW RESISTANCES 


High Resistances.—The method frequently adopted for the 
determination of high resistances involves the direct measure- 


326 MAGNETISM AND ELECTRICITY FOR STUDENTS 


ment of a current transmitted through the resistance by means 
of a large E.M.F. Thus the resistance of a china telegraph 
insulator is measured by pouring mercury into the inverted 
insulator, which is partially immersed in a mercury bath ; one 
terminal of the battery is connected to the mercury in the cup, 
and the other is joined, through a mirror galvanometer of known 
constant, to the mercury bath. 

In the case of a telegraph cable, a long length of the cable is 
coiled within a tank of water, both ends being kept well above 
the water. One terminal of a battery of 100-1000 Leclanché 
cells is joined through a galvanometer to the copper core, and 
the other terminal is joined to the tank. Surface leakage be- 
tween the core of the cable and: the surrounding water is pre- 
vented by Price’s guard-ring method, in which several turns of 
bare copper wire are wound round the insulation, near to both 
bared ends, and connected to that terminal of the battery which 
is joined to the core. Thus the core and the guard-ri~g are 
maintained at the same potential, and there is consequently no 
tendency for leakage across the bared ends of the insulation. 
Since the resistance of the insulating material usually changes 
slowly under an applied E.M.F., the current is only observed 
after a definite interval of time, say one minute. The insula- 
tion resistance of unit length of the cable is found by mz/¢iply- 
ing the total resistance by the length of the cable: the reason 
for this is obvious when we consider that the current leaking 
through the insulation on two units of length will be twice as 
great as that leaking through the insulation on unit length. 


The specific resistance of the insulating material may be derived 
from the insulation resistance of a length of cable in the following 
manner: Consider the resistance of a thin circular lamina of the 
insulation, of radius 7, thickness dv, and length 7; then, since 


Z 
R=px = 


the resistance of the lamina is 


dr 


PX oar, 


The insulation may be regarded as a series of concentric laminae, 
similar to the above, the radii varying from 7, (the radius of the core) 
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to 7, (the external radius of the insulation). Hence the total resistance 
R of the insulation is 
oy m ‘dr 
~ 2nd, ars 
ee eee Es 
~ 24l° loge rat 
or, c= 2m/R/loge?= 2m/R/ ( 2.3026 x logy). 
1 1 


EXAMPLE.—The radius of the core of a cable is 2 mms., and the 
external radius of the insulation is 4 mms. If the insulation resistance 
of 1 kilometre of the cable is found to be 400 megohms, c Iculate the 
specific resistance of the insulating material. 

Since 7=10° cms., 

R=400 x 108 ohms., 
7)=4 mms., 
7,=2 mms., 

__ 2m x 10° x (400 x 108) 


= 14 
2.3026 xlogy2 3.626 x 10 ohms. 


The specific resistance of /ead glass has been measured by 
filling a thin flask of the material up to the neck with mercury 
and immersing it to the same depth in a mercury bath. The 
terminals of a large battery joined in-series with a galvanometer 
were connected to the mercury inside and outside the flask. 
The specific resistance was found to be 8.4 x 10! ohms. 


The measurement of a very high resistance, such as that of a small 
piece of insulating material, can only be made by an electrostatic 
method, in which the rate of loss of charge of an air-condenser, the 
plates of which are connected through the substance under examination, 
is measured by means of a quadrant electrometer. If the substance is 
in the form of a thin sheet, opposite faces are covered with foil and 
connected to the opposite plates of the condenser and to the quadrants 
of the electrometer. If the capacity of the condenser is C C.G.s. 
electrostatic units, and if Q is the charge, then initially Q=CV. The 
rate of loss of charge, or the instantaneous current due to leakage, may 
be written —dQ/at= —C.aV/dt. But, by Ohm’s Law, the current at 
any instant is equal to V/R; hence 

Vv aV 


Roy or; 


gv se dt _ 
V eR 


Integrating this expression, C. loge V+ 5 =4 where £ is a constant. 
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re 


If the initial P:D. is V,, when ¢=0, then 4 =C log, Vj. 


Hence Clog. V+ a= Clog. Vy 
V. 
or C log. vy =~ 
or . ; R=//C. log. 


This indicates how the resistance is calculated by observing the time 
required for the P.D. to fall from V, to V. The logarithms are in the 
Napierian system and equal to the common logarithm to the base 10 
multiplied by 2.3026. _R is given in C.G.s. electrostatic units, and may be 
converted into electromagnetic units by multiplying by 9 x 10” (p. 521), 
or into ohms by multiplying by 9 x 101. 

Owing to the practical difficulties of working a quadrant electrometer, 
the following modification of the above method is frequently adopted : 
One plate of the condenser is connected to earth through a highly 
insulated ballistic galvanometer, and the other plate is connected tc 
earth through a key and charging battery. On closing the key, the 
first throw @, of the needle is proportional to the quantity of electricity 
acquired by either plate of the condenser. The key is now opened and, 
after an observed interval of time ¢, again closed; the throw 6, is 
proportional to the quantity which has leaked away during the interval 


#. Hence 6, — 9, is proportional to the quantity which has remained in 
the condenser, and 


9; 

R=2/C. log. ran 

Measurement of Low Resistances.—The Wheatstone bridge 
is not suitable for the measurement of low resistances ; in such 
cases the method of Comparison of Potentials (Fig. 235) may be 
adopted. Let AC and CB represent two low resistances con- 
nected in series ; if the lengths are proportional to the resist- 
ances, the slope of the line EB, which represents the fall of 
potential when the ends A and B are connected to a battery, 
will be uniform. The resistance aé is proportional to the P.D. 
between its ends, viz. V,; also the resistance cd is proportional 
to Vz, The ratio of V, to V, may be determined by connecting 
each pair of points consecutively to the terminals of a high 
resistance galvanometer. If the deflections are 6, and 6, 
respectively, then ab _V,_ 4, 


C4 BV gn Oy: 
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In practice the resistance a4 may consist of ten coils, each of 
0.1 ohm resistance, connected together in parallel ; its resis- 
tance is therefore 0.01 ohm. 


Fic. 235.—Measurement of a Low Resistance. 


Resistance of Electrolytes.—The measurement of the 
resistance of electrolytes is complicated by the olarisation 
(p. 239) at the surfaces of the electrodes through which the 
current enters and leaves the liquid. The effect is minimised 
if the solution is that of a salt of the metal of which the elec- 
trodes are made, ¢.g. when amalgamated zinc plates are used 
with a solution of zinc sulphate, and trustworthy results may 
then be obtained by the Wheatstone bridge method. 


Fig. 236.—Kohlrausch’s Method of Measuring Electrolytic Resistance. 


Another method, which resembles the Comparison of Potential 
method of measuring low resistances, consists in connecting 
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opposite quadrants of an electrometer to platinum electrodes in 
a column of the electrolyte, through which a constant current is 
passing, and comparing the P.D. with that between the ends of 
a known resistance included in the same circuit. 

The difficulty due to polarisation is still more completely 
obviated in a method (Fig. 236), introduced by Kohlrausch, in 
which an alternating current derived from a small induction coil 
I is transmitted through a Wheatstone net, the galvano- 
meter being replaced by a telephone- 
receiver T. When the resistances are 
correctly balanced, the telephone is 
silent. The type of electrolytic cell 
(Fig. 237) suggested by Arrhenius is the 
best for very dilute solutions ; two cir- 
cular platinum electrodes are supported 
horizontally in a glass vessel from the 
lower ends of sealed glass tubes which 
are supported by the ebonite cover: of 
the vessel; the thick platinum wires 
attached to the electrodes project well 
within the glass. tubes, and contact is 
made through mercury to copper wires 
inserted down the tubes from the outside. 
Even with rapidly alternating currents 
there may be sufficient polarisation to 

Fic. 237. disturb the accuracy of the experiment, 

but the effect is diminished by increas- 

ing the size of the electrodes; for this reason the surfaces 
of the electrodes are previously covered with finely divided 
platinum by electrolysing a solution of platinic chloride between 
the electrodes by means of a direct current. For solutions of 
low specific resistance it is better to use a long straight glass 
tube of small circular bore and terminating in two wider tubes 
(Fig. 238). The mean diameter of the tube is measured by 
filling the dry tube with mercury, which is poured out and 
weighed. Flat amalgamated copper plates placed close to the 
ends of the tube may be used as electrodes, but platinised 
platinum is preferable. After filling the apparatus with the 
electrolyte the resistance of the electrodes and connecting wires: 
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must first be determined by placing them together, and this 
must be deducted from the total resistance in order to give that 
of the narrow column of electrolyte. 


If Zand s are the length and cross-section of the column of 
liquid, and if R is its resistance, the sfecific resistance is equal to 
(R xs5)/Z and the specific conductivity is 1/(R Xs). 


MEASUREMENT OF CAPACITY 


The measurement of the capacity of condensers of small 
capacity by electrostatic methods has been described in 
Chap. X. The following paragraphs refer to electromagnetic 
measurements with condensers of large capacity. The Farad is 
the practical unit of capacity, and a condenser has this capacity 
when a P.D. of one volt between its plates charges each of them 
with one coulomb. If V is the P.D. between the plates, C is the 
capacity, and Q is the charge on each plate, then C=Q/V. 
Hence, 


—1 
I Parada 2coulomb — 10 _ 10-9 C.G.s. units of capacity. 
I volt 108 


The mzcrofarad, or millionth part of the farad, is a more con- 
venient unit for practical purposes. 

Comparison of Capacities by the Ballistic Galvanometer, 
—One of the condensers is charged by connecting its terminals 
to the poles of a constant battery. It is then discharged through 
a ballistic galvanometer (p. 281) and the amplitude of the first 
throw is observed. The observations are repeated with the 
other condenser. The throw in each case is proportional to the 
charge, and, therefore, to the capacity of the condenser. 

Comparison of Capacities by the Wheatstone Bridge.— 
The two condensers are placed in adjacent arms of a Wheat- 
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stone bridge (Fig. 239). 


The resistances P and Q are adjusted 
until the galvanometer needle is not 
deflected when contact is made at a. 
When so adjusted, the potentials at 
A and B during charging must be 
the same. Hence, in any short 
interval of time, the charge received 
by each condenser must be propor- 
tioned to its capacity. But the 
charges passing through P and Q 
during any such interval must be 


proportional to— and +; hence, 


P Q 
C; * C, tee 2 re o 
or G,/C:—O/P: 


The condensers are discharged by 
raising the key so as to make con- 


tact at 4. 


Comparison of Capacities by the 


Fic. 239- Method of Mixtures.—This method, 


which is particularly useful when 
the condensers differ widely in 
Capacity, consists in the measure- 
ment of the potentials required 
to give equal charges to the two 
condensers. Equality of charge 
is detected by mixing the charges 
and observing the presence or 
absence of any resultant charge 
by discharging through a ballistic 
galvanometer. 

In Fig. 240 a battery of several 
cells is connected in series with 
two high resistances R; and R, 
(where R,+R, is not less than 
10,000 ohms). The _ insulated 
plates of the condensers C, and 
C, are joined through a Pohl 


eK, ¢ 
p Ly 
tp, dls, 
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commutator K, (from which the diagonal connections have been 
removed) to the ends of the resistance. With the commutator 
in one position the condensers are charged to potentials pro- 
portional to R; and R,. On reversing the commutator, the 
opposite charges in the condensers are mixed, and the resul- 
tant charge is equal to their difference; this resultant charge 
is observed by completing the circuit through the galvanometer 
G by means of the key K,. The resistances R, and R, are 
altered until there is no resultant charge left, when 
C, Ry 
C, R 
The absolute Capacity of a Condenser.—When a condenser 
is discharged through a ballistic galvanometer the quantity of 
electricity, in C.G.S. units, is given by the equation (p. 282), 


If this quantity has been imparted to a condenser of capacity 
C by an applied potential difference V, then, 
1, H,T . sin 8 
V Guem 2 
In Fig. 241, (R+7) represents a high resistance of at least 
10,000 ohms, 7 being small com- 
pared with R; and K is a highly 
insulated key by which connection 
may be made between either a and 
c, @ and 4, or 6 and @d. When a 
and c are connected, the condenser 
C is charged to a potential-differ- 
ence V _ corresponding to that 
between the ends of R+z7. The 
connection ac is broken, and the 
condenser is discharged through 
the galvanometer by connecting @ 
and 4. The time of oscillation T 
is determined by observing the 
total time required for about 30 
complete oscillations. 
The quantity H/VG is determined by connecting @ to 4, 
so that a small steady current traverses the galvanometer. 


334 MAGNETISM AND ELECTRICITY FOR STUDENTS 
Then, if v=potential-difference between the ends of R= 
resistance of galvanometer, I =current traversing G, and a= 
deflection, 


oe te 
SRS aa ee 
r H 
ie ies Ca 
ae =e Ra rs % 
Hes r 
a VG" R, (Rt) tana 
7 = 
Ponce a (R+7) tan a ‘gee ee 


When accurate results are required corrections must be made 
for the logarithmic decrement (p. 282). 

The capacity C will be expressed in farads or in C.G.S. units 
according as R is expressed in ohms or in C.G.S. units. 


QUESTIONS ON CHAPTER XVIII. 


1. Two cells, the E.M.F.’s of which are as 2:1, are joined up in 
series with their E.M.¥F.’s acting in the same direction, and the circuit 
is completed through a tangent galvanometer, the needle of which is 
deflected through 60°. If one of the cells is reversed, no other change 
being made, what will be the deflection of the galvanometer ? 

2. Explain fully a method of comparing the E.M.F.’s of two cells in 
which an electrometer is not employed. 

3. A wire AB of 0.33 ohm resistance, forms part of a circuit through 
which an electric current flows in the direction from A to B. The 
points A and B are also connected by another conducting path, in 
which is included a cell of E.M.¥. 1.287 volts and a galvanometer, the 
positive pole of the cell being that joined to A. If the galvanometer 
is not deflected, what is the strength of the current in the wire AB? 

4. Describe how you would compare a small E.M.F., say that of a 
thermo-couple, with the B.M.F. of a Clark cell. 

5. Describe some practical form of standard of electromotive force, 
and explain carefully the method by which such a standard, in conjunc- 
tion with a set of resistance coils and a galvanometer, may be utilized 
for current measurement. 

6. Show how to compare by the aid of a galvanometer the electro- 
motive forces of two cells whose internal resistances are large but 
unknown. 
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7- Describe a simple method of measuring the specific resistance of 
an electrolyte, and state the chief precautions necessary in the experi- 
ment. 

8. Given an ammeter and a galvanometer of high resistance and 
known reduction factor, show how to determine the internal resistance 
of a given cell. 

9. How would you ascertain the electromotive force of a cell while 
it is giving out a current? (Lond. Univ. Int. B.Sc. Hons., 1899.) 

Io. A battery sends a current of I ampere through a circuit when the 
P.D. of the terminals is 16 voits, and 2 amperes when the resistance is 
changed so that the P.D. is Io volts: What is the internal resistance 
and the E.M.F. of the battery? 

11. Explain why an electromagnetic voltmeter should have-as high-a 
resistance as is practicable. Given a voltmeter of this kind reading 
from 0 to 5 volts with a resistance of 500 ohms, how may the same 
instrument be adapted to read from o to 50 volts with the same scale? 

12. Explain how the capacity of a condenser may be measured with 
the aid of a ballistic galvanometer. 

13. Describe De Sauty’s (Wheatstone Bridge) method of comparing 
capacities of two condensers, and prove the formula employed. 

14. Calculate the capacity of a condenser formed (a) of two concentric 
spheres with a concentric shell of dielectric between them, (4) of two 
long coaxial cylinders. 

Describe an accurate method of comparing two small capacities. 

15. Describe how you would determine a very small resistance 


accurately. 


CHAPTER XIX 


THERMAL EFFECTS OF THE ELECTRIC CURRENT. 
ELECTRIC ENERGY AND POWER. EFFICIENCY 


The Mechanical Equivalent of Heat.—One form of energy 
can be transformed into another ; and, as a general rule, during 
such transformation at least a portion of the energy is converted 
into heat. The conversion of the energy of an electric current 
into heat isa familiar case. Thus, in generating electric light, the 
heat due to ihe combustion of the coal is, in -he first instance, 
converted into mechanical energy; this is converted into electric 
energy, which is again reconverted—in the incandescent or arc 
lamp—partly into heat energy and partly into radiant light 
energy. 

Based upon the fact that heat and mechanical energy are 
mutually transformable, and that there is undoubtedly an equiva- 
lence between them, we may define the unit of heat as ‘hat which 
zs equivalent to the unit of work: in the C.G.S. system this is the 
erg. Another unit of heat, which is universally recognised as a 
practical unit, is defined as the heat required to ratse the tem- 
perature of unit mass of cold’ water through one degree of the 
thermometer scale used ; in the C.G.S. system the centigrade scale 
is employed, and the unit is called the calorie. The erg and 


the calorie may be termed the primary and secondary units of 
heat. 


1Since the specific heat of water is not constant, it is more accurate to state the 
temperature of the cold water. For this reason a temperature of 17° or 18° C. is usually 
assumed in this definition. 
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The ratio of the secondary to the primary unit is termed the 
mechanical equivalent of the unit of heat, or Joule’s equivalent; 
in the C.G.S. system it is therefore the number of ergs equivalent 
to one calorie. 

The earliest determinations of the mechanical equivalent of heat 
were made by Joule in 1843 and subsequent years. His method 
consisted in measuring the amount of mechanical work expended 
in stirring a known weight of water in a calorimeter, and in 
measuring the resultant rise in temperature of the water. His 
result may be stated thus : the guantity of work required to raise 
the temperature of one gram of water at 16°.5 C. through 1° C. is 
4.167 x 107 ergs. In simple calculations the value 4.2 x10! is 
sufficiently accurate. 

Conversion of Electric Energy into Heat.—The definition 
of unit potential difference states that unit work is done when 
untt quantity of electricity is conveyed between two points of a 
conductor, the points differing in potential by unity. Hence, if 
Q units are conveyed between two points which differ in potential 
by E units, both being measured in C.G.S. electromagnetic units,! 
the work done is equal to 

EQ=EI?¢ ergs. 
In any simple circuit in which no mechanical work is done, 
this work appears as heat. If the work done is expressed in 
calories the above expression must be divided by the mechanical 
equivalent of heat, which is denoted usually by the symbol J. 
Hence, if H represents the number of heat units generated, 
eSB 7 ele Rei A7/ Ri caloriessesece-s-este>= (I) 

If I and R are expressed in practical units then, since I 
amperes=I/Io C.G.S. units, R ohms=R x 10° C.G.s. units, and 
ji=4:2 10 ergs, 

H=I1?R¢x I07/4.2 x 107=1?R¢/4.2 calories. 

Joule’s Law.—The result expressed in equation (1) is known 
as Joule’s Law, which may be written thus: The heat generated 

1The student will remember that the same definition of unit p.p. has been used 
already in the case of the ¢/cctrostatic system of units, although the units of quantity 


and of p.p. are not the same in the two systems. By reference to p. 521 it is seer. 
that x E.M. unit of quantity is equal to 3X 10! E.s. units, and x E.M. unit of P.D. is 


E.S. unit, hence the numerical value of the product QxE will be 


equal to x: 
3X 101° 


the same in the two systems. 
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in a ‘simple circuit. is proportional (i) to the square of the current, 
(ii) to the resistance, (iii) to the time during 
which the current continues. 

The general principle of the apparatus used 
by Joule in the experiments upon which this 
law is based may be understood. by reference 
to Fig. 242. The ends of an open coil of thin 
manganin wire are connected to thick copper 
wires passing through the cork of a calorimeter. 
The coil is immersed in water, and all the heat 
generated in the wire is utilised in raising the 
temperature of the water and calorimeter.! 


gqoccoo ggg eS) 


iy even FUe even rT 


The relation between ¢he heat generated and 
(i) the current strength and (ii) the time may be 
determined by connecting the coil, of known resis- 
tance, in series with a battery of constant E.M.F., 
a rheostat, and a tangent galvanometer. The 
relation between ¢he heat generated and the resis- 
tance is observed by connecting in series two coils, 
R, and R, (Fig. 243) immersed in equal weights 
of water or turpentine contained in separate calori- 
meters. In the diagram C represents a commutator, TG a tangent 
galvanometer, and R a rheostat. 


Fic. 242. 


An instructive application of 
Joule’s Law may be shown by 
connecting to the battery ter- 
minals a length of thin plati- 
num wire in series with a 
rheostat and so adjusting the 
current that the wire glows 
feebly. On cooling a portion 
of the wire by immersion in 
cold water, its resistance is 


oF SN 


( 


1In the experimental verification of Joule’s Law, any possibility of the current 
short-circuiting through the water may be prevented by coating the wire with a thin 
layer of hardened shellac ; this may be done by dipping the coil into a weak solution 
of shellac in methylated spirit and afterwards drying the coil in an air oven at 130° 
C. Or the difficulty may be surmounted by using turpentine instead of water; a 


further advantage being that turpentine has a much lower specific heat (0.41) than 
water. 
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diminished and the resulting increase of the current causes 
the remainder of the wire to glow more brightly than before. 
Also, if the wire consists of alternate leagths of silver and 
platinum wire of the same thickness, the current may be 
adjusted so that the platinum portions glow brightly while the 
silver portions remain dull. The effect is due to the greater 
specific resistance of platinum. 


EXAMPLE.—A current from a secondary cell is sent through-a coil of 
wire, resistance I ohm, immersed in 100 gms. of water. In 50 minutes 
a rise in temperature of 16° C. is measured. Assuming no loss of 
heat due to radiation, what is the current strength? 

H=(r100 x 16) calories, R=10* C.G.s. units, #=3000 secs. ; 
. pe a 42% 10” x 1600 
10% x 3000 
I =0.15 c.G.s. units=1.5 amperes. 


=0.0224 ; 


Determination of Joules Equivalent by Electrical 
Methods.—If a coil of wire is immersed in water, one of three 
methods of determining the energy spent in raising the tempera- 
ture of the water can be used: this is evident from the equation 
on p. 337, for the energy may be expressed either (i) in terms 
of E, |, and 4 or (ii) in terms of I, R, and 4 or (iii) in terms of 
E, R, and 2. 

Principal E. H. Griffiths conducted an elaborate series of 
determinations! initially with a view to ascertain the accuracy 
of our system of electrical units, assuming the accuracy of pre- 
vious determinations of J. On the other hand, the same experi- 
ments serve to determine the value of J by electrical methods, 
assuming that the definitions of the electrical units are trust- 
worthy. The energy was measured in terms of E, R, and 7; and 
the apparatus resembled in principle the experiment represented 
in Fig. 233. The apparatus consisted of a platinum wire coil, 
the resistance of which was measured accurately, immersed in 
a calorimeter containing water. The current traversing the 
coil was derived from a storage battery, and the P.D. between 
the terminals was kept constant by balancing against a set of 
standard Clark cells, the E.M.F. of these cells being determined 
by comparison with a standard Clark cell of special construction. 


1 Phil. Trans. Roy. Soc. 1893; Proc. Roy. Soc. 1894. 
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The value of J, for water at a temperature of 15° C., was found 
to be 4.198 x 10? ergs. 

Schuster and Gannon! have measured the energy in terms of 
E, I, and 4 The current was measured by connecting a silver 
voltatneter in series with the coil, and the electro-chemical 
equivalent (p. 455) of silver was assumed to be 0.001118. The 
wire coil was of platinoid, and had a resistance of about 31 
ohms. The P.D. at the terminals was measured by balancing 
against a series of 20 Clark cells, the E.M.F. of which had been 
determined previously. The value of J, when the temperature 
of the water was 19°.1 C., was found to be 4.1905 x Io” ergs. 

Heat generated in a Battery, and at a junction of two 
Metals. —Joule’s Law is applicable to every portion of a circuit, 
including the battery. Thus, if 7 is the current, R and 7 the 
external and internal resistances, all expressed in C.G.S. units, 
then the /ofa/ heat generated is equal to 2(R+7)¢/J, and 

heat generated in the batlery=@rt/J, and 
5 3 » external circuit=PRZ/J. 


When a current traverses the junction of two metals, the heat 
generated at the junction usually varies according to the direction 
of the current, This is due to the existence at the junction of a 
potential difference which is permanent and independent of the 
P.D. due to the battery (see Peltier effect, p. 371). Hence, in 
addition to the heat generated owing to the omic resistance, a 
small quantity of heat is also generated or absorbed at the 
junction, according to the direction of the current. If this local 
P.D. is denoted by the symbol P, then 

H=(2?R¢+ Pz#)/J. 

As a general rule the magnitude of P is small, amounting to 
not more than a few thousandths of a volt. 

Electric Energy or Work (in Practical Units)—As pre- 
viously stated, if Q and E are expressed in C.G.S. units, the 
product of these gives the work done in ergs. But it is usually 
more convenient to express Q and E in practical units, z.é. in 
coulombs and volts, and the unit of energy in this system is 
termed the Joule. Or, the Joule is the work done when 1 coulomb 
is conveyed between two points which differ in potential by 1 volt, 


1Phil. Trans. Roy. Soc., 1895. 
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Since 1 coulomb=Io7 C.G.S. unit, and 1 volt=108 C.G.s. units, 
then 
I Joule= 107! x 10°= 10! C.G.S. units of work (or ergs). 
EXAMPLE.—A current of 15 amperes passes through a wire for 45 

minutes. If the P.pD. between the ends of the wire is 110 volts, calculate 
the work (in Joules) done by the current. 

Quantity (Q) of electricity conveyed=(15 x 45 x 60) coulombs. 

Work done=(15 x 45 x 60) x 110=4,455,000 joules. 


Electric Power.—Power may be defined as the rate at which 
work is done, and is measured by the number of units of work 
done per second. If z# ¢ seconds a quantity of electricity Q is 
conveyed through a potential difference E, the work done per 
second is QE/#. But Q/¢=I, hence 

Power=IxE. 


In C.G.S. units, power is measured in ergs per second. In 
practical units, unit power is obtained when a current of 1 ampere 
is conveyed through a potential difference of 1 volt. This unit is 
called the Watt. Hence, 

1 Watt=10 1x 10®=10! ergs per second=1 Joule per second. 

The Board of Trade Unit (B.O.T.) is usually adopted for purposes 
of public supply. It is called the Kilowatt-hour. and is evidently 
equal to the product of a rate of doing work and a period of 
time. Since the kilowatt is equal to 1000 watts, the number of 
units supplied is obtained by dividing the product of the volts, 
amperes, and hours by Iooo. 

The Horse-power (H.P.) is adopted frequently by engineers as 
a unit of power, and is defined as 550 ft. lbs. of work per second. 
The relationship between the Horse-power and the Watt may 
be derived in the following manner: Since I 10. weight=453.6 
grams weight =(453.6 x 981) dynes, and 1 ft.=30.49 cms., then 

1 ft. 1b. per sec. =(453-6 x 981 x 30.49)/107 = 1.357 watts. 
1 Horse-power =(550 X 1.357) =746 watts =0.746 kilowatt. 

Hence 1 £iJowatt is approximately equal to 13 Horse-fower. 


EXAMPLE.—What horse-power is required to drive a current of 120 


amperes through a resistance of 12 ohms? 
: E=I x R=(120 x 12) volts. 
Power=I x E=120 x (120 x 12) watts., 


H.P. = (120 x 1440)/746=2310.6. 
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The Electric Heating of Wires.—On passing an electric 
current through a wire the temperature increases, and it would 
continue to increase if heat were not dissipated from the wire 
either by conduction through the metal to other parts of the circuit, 
or by radiation and convection from the surface. In the case of 
long wires the loss by conduction may be neglected. The rate 
of loss of heat by radiation and convection, and the relative 
importance of these sources of loss, depend upon the physical 
condition of the surface of the wire, upon the medium surround- 
ing the wire, and upon the difference of temperature between 
the wire and the surrounding medium ; even if the wire is bare, 
the rate of loss is by no means the same with all gases—thus, 
the rate of loss is much greater in hydrogen than in air—and it 
also depends upon the pressure of the gas. 

In considering this phenomenon the emissivity of a surface is 
an important physical quantity. Emissivity may be defined as 
the quantity of energy given up by unit area of the surface tn one 
second per unit difference of temperature between the surface 
and surrounding bodies. The emissivity of polished platinum 
has been measured by heating, by means of a steady electric 
current, a platinum wire stretched inside a copper cylinder. The 
energy dissipated per second is equal to the product of the P.D. 
between the ends of the wire and the current strength. The 
resistance and therefore the temperature can be calculated from 
the same data. The emissivity of platinum in ergs per sq. cm. 
per degree centigrade, when the wire is surrounded by dry air 
at 76 cms. pressure, is 0.002 when the difference of temperature 
is 1000° C., and 0.0007 when the difference is 500° C. In prac- 
tice the emissivity is often expressed in calories, instead 
of in ergs; in these units the emissivity of polished copper, 
when the temperature difference is 60° C., is 0.00023. 

In any given case the temperature of the wire becomes 
stationary when the rate of loss of heat is equal to the rate of 
generation of heat by the current. With a wire of length /, 
radius 7, emissivity ¢, and excess of temperature T, the heat lost 
per second is e.2r7/.T calories. The heat generated by the 
current is I?/4.2 calories, I and R being expressed in practical 


units. Hence [2 
es2nrl st = BS 


4.2 


rea 
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But, if p is the specific resistance of the material, R=pJ/x7?, 
lant 2 
4.2 X 273" 

From this it is evident that the heating of wires, of the same 
material but of different diameters, will be the same if ~ varies 


2 
as I 


EXAMPLE.—Calculate the strength of current necessary to fuse a tin 
wire of radius 0.5 mm. if the temperature of the surrounding air is 
(i) 15°C., (ii) 30°C. The melting point of tin is 230° C., its specific 
resistance is 13x 10° ohms. Assume that the emissivity is 0.00023. 

‘Heat dissipated per second at 230° C. =e. 2477. (230-15) 

= 1.553 X 107? / calories. 
FRo< lp 


Heat t = 
eat generated per second by current ao FR 


==3,04T X10 7x 177, 


2 
[= 4/1553 % 107 553% 10 = 6:28 amperes. 
3-941 X 10 


If the temperature of the surrounding air is 30°C., the maximum 
current is found, in the same manner, to be 6.05 amperes. 


The Incandescent Electric Lamp.—The incandescent lamp 
is an application of the principle that a conductor is heated 
when traversed by an electric current, and 
that it is rendered incandescent when the 
material of the conductor has a high melt- 
ing point and a high resistance. The first 
lamp, introduced by Edison in 1878, con- 
sisted of a fine platinum wire, but the 
liability of the wire to fuse prevented its com- 
mercial success. After numerous materials 
had been tried, the carbon filament was 
found to be the most satisfactory. Since 
carbon readily burns in air, the filament 
must be enclosed in an exhausted glass 
vessel; the current passes into the fila- 
ment by means of platinum wires fused into the end of the 


glass vessel. 


Fic. 244. 
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The filament is prepared from thin strips of vegetable or carbonaceous 
material which are wrapped round formers, to give the desired shape to 
the filament, and surrounded by finely divided carbon contained in a 
crucible, which is then heated to a high temperature in a furnace. The 
first carbon filaments were made from bamboo, but a form of soluble 
cellulose is now used. Pure cotton-wool is dissolved in zinc chloride, 
and the thick liquid is forced through a die, thus giving a uniform thread 
which, when dry, resembles catgut ; this is cut into suitable lengths and 
then carbonised. During the process of exhaustion of the glass bulb, 
the filament is heated to redness by means of a current in order to drive 
out any occluded gases from the carbon and also from the inner surface 
of the glass vessel. 


The electric power consumed by a lamp is expressed, in 
watts, by the product of the voltage at the terminals and the 
current. The energy expended in the lamp appears partly as 
heat and partly as light! : the portion converted into heat only 
is wasted, so far as the function of the lamp is concerned, and 
it is necessary to render the filament as bright as possible if 
the lamp is to be satisfactory. On the other hand, when the 
lamp is in use, the carbon slowly volatilises and is deposited 
on the surface of the glass, thus diminishing the candle- 
power; this effect increases with the temperature of the 
filament. Hence the life of a lamp is longer if the voltage 
applied to the filament is diminished, but much energy is 
wasted ; and if the voltage is increased, within certain limits 
the light is produced by less expenditure of energy, but the life 
of the lamp is comparatively short. It is customary to mark on 
the lamps the voltage which is necessary in order to transmit the 
strength of current required to make the filament glow brightly. 

The consumption of energy in a carbon filament lamp is 
slightly less than four watts for each candle-power If the 
temperature of the filament is raised the consumption of energy 
per candle-power is less ; thus, at 1600° C., the consumption is 
reduced to 3-3} watts per c.p.; but at this temperature the 
filament begins to disintegrate, and the life of the lamp is very 

1 The /usinous radiation constitutes only about 5°/, of the total energy. This may 


be proved by immersing a lamp in water contained in (i) an opaque calorimeter, which 


absorbs all the radiation, and (ii) in a transparent calorimeter which retains only the 
heat radiation. 


2 The candle-pfower of a lamp is measured in terms of what is called a standard 
candle, i.e. a No. 8 sperm candle burning 120 grains of spermaceti wax per hour. 
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short. An important disadvantage of the carbon filament is 
that its resistance diminishes with rise of temperature, and 
therefore it is very sensitive to fluctuations in the voltage. 
The desirability of using, instead of carbon, a substance which 
can be heated to a much higher temperature without disintegra- 
tion, led to the introduction of the metal ‘mgsten, which has a 
melting point probably higher than 3000” C. ; and the discovery, 
in 1906, of a method of preparing ductile filaments of tungsten, 
resulted in its wide adoption for the purpose. The most satis- 
factory results, in regard to luminous intensity and ‘length of 
life,” are obtained when the filament is heated 
to about 2000° C.; and the consumption of 
energy, in the ordinary vacuum lamp, is about 
I.5 watts perc.p. Owing to the low specific 
resistance of tungsten, it is necessary that 
the filament be long and thin: thus, in a 
20 watt lamp constructed for use on a 230- 
volt circuit the filament is about 80 cm. long, 
and the diameter is 0.0oo16cm. The method 
of mounting the filament is shown in Fig. 245. 

The necessity of avoiding volatilisation of 
the metal is the factor which controls the 
luminous intensity which can be obtained 
from a given lamp. Since the presence of a 
trace of oxygen, and especially of water 
vapour, encourages volatilisation, a high 
_ degree of vacuum is essential: this should “Blamend Lamp 

be about 0.0001 mm. of mercury. Modern 
air pumps (e.g. Gaede’s molecular pump) are capable of giving 
this vacuum ; and the introduction, into the lamp, of a trace of 
phosphorus vapour, just before sealing off, is very effective in 
‘cleaning up’ any traces of air and water-vapour which may 
remain. 

The ‘gas-filled’ lamp is the most recent type of metal-filament 
lamp. It is found that if the lamp is filled with inert gases 
(a mixture of argon, with a little nitrogen, is generally used), 
the filament can be heated to a higher temperature without 
volatilisation taking place: the presence of the gas appears to 
hinder the free escape of the metal molecules from the filament. 


H.M. M 
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“The working temperature may be as high as 2500°C. In lamps 
of this type, the consumption of power may be as low as 
0.8 watts per c.p. 

Efficiency of Lamps.—It is usual, in commerce, to express 


the efficiency of an incan- 

descent lamp in ‘watts per 

e.p.’ although the more scien- 

tific definition would be the 

converse of this, viz. ‘ candle- 

4H power per watt.’ Fig. 246 

_.. represents a simple method 

Fic. 246 —Method of determining = ; 

the efficiency of a lamp. of measuring the efficiency 

of a low voltage (4-6 volts) 

lamp. The candle-power can be measured by a Rumford photo- 

meter a. The current passing through the filament can be 

measured by means of a tangent galvanometer TG, of known 

reduction-factor ; and the potential-difference at the terminals is 

measured by the potentiometer P. If available, the current and 

potential-difference can be measured more readily by means of 
an ammeter and a voltmeter. 


The Vernon-Harcourt fertane lamp, instead of the sperm candle, is 
now used generally as a standard of luminous intensity. Under normal 
conditions of air pressure and humidity, a flame of stated height and 
width is equivalent to 10 standard candles. For daily work in practical 
photometry, it is customary to use electric filament lamps as szdé- 
standards : if the filament is of tungsten, it is mounted as a flat grid, 
so that distances from the filament can be measured accurately. Such 
sub-standards can be purchased, and a certificate of the luminous intensity 
of each lamp can be obtained from the National Physical Laboratory. 
Since, in the tungsten filament lamp, a voltage change of 1 per cent 
causes a 3.7 per cent change of candle-power, and a current variation 
has about one half of that effect, it is necessary to ensure great accuracy 
in either the voltage regulation or in the current regulation, or in both. 
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The voltage is measured by means of a Crompton. potentiometer, 
standardised by means of a Weston cadmium cell; and the current can 
be determined by measuring the voltage at the ends of a standard 
resistance connected in-series with the lamp. 

In accurate measurements of the candle-power, the Rumford type of 
photometer is not used. In the Lummer-Brodhun photometer, a white 
slab of magnesia is illuminated on its two opposite sides by the two 
lights to be compared ; by means of totally reflecting glass prisms, the 
diffused light from the two surfaces is reflected down the axis of a 
telescope, the light diffused from one surface occupying only one half 
of the field of view. 


EXAMPLES. —1.—How many 16 candle-power lamps, taking 4.08 watts 

per candle, can be run off a dynamo giving 7 electric horse-power? 
7 horse-power=7 x 746 watts. 
If N is the number of lamps, the energy consumed is 
N x 16 x 4.08 watts ; 
“. N=(7 x 746)/(16 x 4.08) =8o. 

2.—The current passing through a lamp is 0.8 ampere, and the lamp 
absorbs ~;H.P. What is the E.M.F. required to work the lamp? 
What will be the candle-power of the lamp, if 3.73 watts are consumed 
for each c.p. ? 


Since Current x E.M.F. = watts, 
740 i, ee 
O58 %E= 16 =7 4.015 

cs B= 74-6 _ 93 26 volts. 


0.8: 
Also candle-power = 74.6/3.73 =20. 


The Arc Lamp.—This, like the incandescent lamp, is an 
application of the conversion of electric energy into heat and 
light. If two rods of carbon are connected to the terminals 
of a battery or dynamo, so that there is a potential difference 
of at least 30 volts, then, when the ends of the rods are 
brought into contact and slightly separated, the current con- 
tinues to pass as an arc between the carbon terminals. Thearc 
has considerable resistance, and much heat is therefore gene- 
rated locally. The maintenance of the arc is due to the fact that 
carbon volatilises at a very high temperature, and the carbon 
vapour thus formed gives the necessary conductivity to the arc. 


( 


348 MAGNETISM AND ELECTRICITY FOR STUDENTS 
tudes ing a asics 3 ail RS ROS 6 BS i ere 
The vapour seems to be conveyed by the current from the 
positive rod to the negative rod ; the former is therefore eaten 
away into the form of a crater, and the latter assumes the form 
of a point (Fig. 247). The crater is the region of highest 
temperature—Violle has estimated it to be 3500° C.; conse- 
quently, if the lamp is to be used for lighting purposes, the 
positive carbon should be upper- 
most. The temperature of the 
crater remains constant even when 
the current strength varies, the 
effect of an increase in the current 
is only to increase the luminous 
area of the crater. 

The carbon rods gradually wear 
away, partly, owing to the transfer 
of carbon from the positive to the 
negative rod, and partly to the 
oxidation of the carbon ; if a direct 
current is used the positive rod 
wears away twice as rapidly as the 
negative, but they wear away equally 
when an alternating current is used. 

In the are lamp much more of 
the energy is converted into light 
than is the case in the metal-fila- 
ment vacuum lamp; and its effici- 
Fro! 247.—The Electric Arc. ency is about 0.7 — 0.9 candle-power 

per watt. 
The potential difference required by an arc lamp varies 


from 30 to 70 volts, and the current varies from Sato u1O. 
amperes. 


In the direct current arc, a gradual increase of current is 
accompanied by a decrease of the P.D. between the carbons. 
If the current is increased beyond a certain critical value the arc 
commences to Azss; and at this stage the area of incandescence 
extends beyond the edge of the crater. Mrs. Ayrton! has 
observed that the hissing is prevented by surrounding the arc 
within an enclosed vessel, and attributes the hissing to com- 

Jour. Inst. Elec. Eng., xxviii., p. 200. 
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bustion of the incandescent carbon on that portion of the anode 
which is not protected by carbon vapour. 

According to Frdlich, the relationship between the P.D. of the 
carbons and the length of the arc may be expressed by the 
formula V=#+z2L, where m and # are numerical constants. 
Mrs. Ayrton has proved that both m and ” depend upon the 
strength of the current, and that, in the case of the direct 
current arc between solid carbon rods, the relationship may be 
represented by the expression 


V=at5+(s+7)L 


If V, I, and L are measured in volts, amperes, and millimetres 
respectively, then the constants have the following values: 
a= 38.9, 6=2.07, C=11.7, d=10.5. It is evident that the P.D. 
between the carbons consists of two parts—one part is fixed and 
never less than 30 volts, and the other part depends upon L and 
I. The distribution of potential along the arc is by no means 
uniform: there is a considerable fall close to the anode, a much 
smaller one near to the kathode, and a gradual gradient in the 
intervening space. Until recently, the high value of the con- 
stant @ has been attributed to the presence of a dack E.M.F., 
which closely resembles the phenomenon of polarisation in 
electrolysis ; but more recent experiments have shown that this 
effect, if present at all, is practically negligible. Experiments 
conducted by Sir Ambrose Fleming suggest that the arc 
discharge consists of a stream of negatively charged particles 
of carbon which are shot off from the kathode and strike 
against the anode. 

The arc is deflected by a transverse magnetic field, just like a 
metallic conductor. The longer curved path has the same effect 
as lengthening the arc by separating the carbons: hence the 
arc may be d/own out by applying a strong magnetic field. 

Space does not permit a description to be given of the various 
automatic devices for s/#7¢king the arc and for regulating the feed 
of the carbon rods. 

The Electric Furnace——Much higher temperatures may be 
obtained by means of the electric current than by any chemical 
process. Much of our present knowledge of this application is 
due to M. Moissan, whose initial type of furnace is represented 
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in Fig. 248; it consists of two superposed blocks of lime or of 
limestone, with a cavity in the lower block, and with a shallow 
inverted cavity in the upper block, thus forming a lid. Thick 
carbon electrodes are inserted through holes in the opposite 
walls. In order to avoid the formation of calcium carbide by 
the action of carbon on the limestone, the cavity is lined with 
alternate layers of magnesia and carbon. In this arrangement 
the heat, derived from the arc which is formed between the ends 
of the electrodes, is rever- 
berated downwards from 
the cover, and subjects the 
crucible to a ‘toasting 
action.’ This type of fur- 
nace is too costly for opera- 
tions on a large scale, and 
in such cases the vresist- 
ance type is used. In the 
resistance furnace the car- 
bon electrodes are buried in the substance to be fused, the 
ends of the electrodes being connected initially by fragments of 
badly conducting material, such as gas-carbon ; on passing a 
current the gas-carbon fuses, and the electrodes are then joined 
by a semi-fluid mass, the resistance of which is sufficiently high 
to maintain the temperature required in the furnace. In the 
resistance furnace, therefore, an arc is never formed between 
the electrodes. 

Calcium Carbide.—Calcium carbide is manufactured by sub- 
jecting a mixture of pure lime and coke dust to an extremely 
high temperature. The mixture is placed in a carbon-lined 
vessel. The current, which may be either direct or alternating, 
is transmitted between two vertical carbon rods immersed in the 
mixture. The reaction is as follows: CaO+3C=CaC,+CoO. 
As the carbide is formed, it fuses and sinks to the bottom of the 
vessel. 

Carborundum.—Carborundum is now largely used as an abra- 
sive. Chemically it is a silicide of carbon (SiC). The mixture 
used consists chiefly of coke and sand; but salt is added to 
serve as a flux, and sawdust to keep the mass porous. A strong 
current is passed between carbon electrodes inserted into the 


LLL LL LA, 


Fic. 248.—Moissan’s Electric Furnace. 
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mixture. The carbon monoxide which is set free burns at the 
top of the furnace. 

A General Statement of Current Energy.—If between any 
two points in a battery circuit there is an appliance which 
absorbs energy in some form other than heat; then the total 
energy consumed between these points will be transformed 
partly into heat and partly into energy of another form. If the 
P.D. between the points is ¢ volts, and if the current strength is 
I amperes, then 

Work done per sec.=el joules. 
If the resistance between the two points is » ohms, then 
heat generated per sec. = [*v 
If the energy consumed in some other form than heat is w 


- watts, then 
el=l27+ yw. 


If the total E.M.F. of the battery is E volts, and if the total 
resistance of the circuit is R ohms, then 
EI=(’R+w 
But, by Ohm’s Law, IR is the effective E.M.F. of the circuit 
and if this is denoted E’, then 


,, WwW 
BE iG 
ee 
or E’=E I 


Hence, any work, other than the generation of heat, intro- 
duces into the circuit a megative E.M.F., of which the magnitude 
is w/I. 

Efficiency.—The efficiency of a battery or generator is the 
ratio of the power absorbed in the external circuit to the total 
power generated. If the sole function of the generator is to 
develop heat in the external circuit, the efficiency is equal to 


the ratio ‘ ite: 
heat developed in external circuit, 


total heat developed. 


In the case of a battery, of internal resistance and connected 
to an external resistance R, the efficiency is 
TR Saar 
I{R+r) R+r° 
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If the circuit is adjusted for maximum electric activity by 
making the internal and external resistances equal (p. 314), the 
efficiency is only 0.5 (or 50%) ; and the efficiency has a greater 
value when ~ is negligibly small compared with R. 

On the other hand, if the function of the generator is to do 
external mechanical work, the efficiency is defined as the ratio 
of the energy spent in doing such work to the total energy ex- 
pended. Thus, if a motor is included in the circuit, and if 7 is 
the back E.M.F. (p. 351), then 

E-» 


=, 


R 
or EI=PR+y7], 
and the efficiency is the ratio of I, the energy spent per second 
in the circuit otherwise than in heating the conductors, to the 
whole energy EI spent in the circuit ; or 
: ad, Pitt et 6 Sg BS 
Efficiency == ESE 
It is evident from this equation that the efficiency is more 
nearly equal to wmity (ze. 100%) as I is made smaller. But 
when arranged for greatest electric activity, nI must have a 
maximum value, and (p. 351) 
I?R-El+w=o, 
_E+JE?—4Rw 
= 2R 
From this equation I can have a real value only when 4Rw 


is not greater than E?; hence the maximum value which w can 
have is E?/4R; in which case I=E/2R, and 


or I 


Efficiency =1 iB. I-—4=0.5. 


Hence, as in the case of a battery with simple circuit, the 
efficiency is only about 50% when arranged for maximum 
activity, and it approximates to 100% when arranged so that 
the energy is given out very slowly. 


EXAMPLE.—A storage battery of 60 cells, arranged in two rows 
of 30 cetis each, is charged by a dynamo of resistance 0.2 ohm. Each 
cell has an internal resistance of 0.005 ohm and a back E£.M.F. of 1.95 
volt. The resistance of the coiinecting wires iso.1 ohm. What 5.M.F. 
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must be set up in the dynamo to give a charging current of 40 amperes ? 
Also, what is the electrical efficiency of the system ? 
Back E.M.F.=1.95 x 30=58. 5 volts. 


Total resistance ae +0.2+0.1=0.375 ohm. 
Cores amperes, 
0.375 
*. E=73.5 volts. 
: 8.5 
Efficiency = =5°'5 ~ 0.796 = 70.6 %. 
hen ee aye gee ae 


If each cell, when /u/ly charged, has a back E.M.F. of 2.2 volts, what 
E.M.F. must be generated to maintain the same charging current, and 
what will then be the efficiency of the system ? 


SUMMARY 


The Mechanical Equivalent of Heat.—The primary unzt of heat zs 
the quantity of heat equivalent to one erg, and the secondary unit of 
heat 7s the quantity of heat required to raise one gram of cold water 
through 1° C. The ratio of the secondary to the primary unit is termed 
the mechanical equivalent of heat or Joule’s equivalent; its value is 
approximately 4.2 x 107. 

Relation between Electric Energy and Heat.—Ii a current of 7c.«G.s. 
units traverses a conductor, between the ends of which there is a 
‘potential difference equal to E C.G.s. units, the energy liberated is 
Ez ergs per second; and, during a time ¢ seconds, the energy liberated 
is Ez¢ ergs. If the whole of this energy is converted into heat, the 
number of secondary heat units generated is 

H = Ez¢/J =2?R¢/J = E7z/RBJ calories. 

If the current and potential-difference are measured in amperes and 

volts, then H=I?R¢/q.2 calories. 


Joule’s Law is expressed by the above equation, and may be written 
thus: Zhe heat generated in a simple circuit is proportional (i) to the 
square of the current, (ii) to the resistance, and (iii) 40 the time during 
which the current flows. 

The heat generated in a battery is 2*v//J, where 7 is the internal 


resistance of the battery. j : 
The heat generated at a junction of two metals is (2*R¢+P7?)/J, 


where R is the ohmic resistance of the junction, and P is the pctential- 
difference at the surfaces of contact due to the Peltier effect. 


H.M. M2 
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The practical unit of work is the Joule, and is equal to the work 
done when one coulomb zs conveyed between two points which differ in 
potential by one volt. It is equal to 107 ergs. 

The practical unit of power (or vate of doing work) is the Watt. It 
is equal to one Joule per second. 

The Board of Trade Unit is the Az/owatt-hour. The number of units 
supplied by any circuit is obtained by dividing the product of the volts, 
amperes, and hours by 1000. 

The Horse-power is equal to 550 foot-pounds of work per second. It 
is equivalent to 746 watts. Hence 1 kilowatt=14 H.P. 

The Electrical Heating of Wires.—The temperature of a wire traversed 
by a current becomes constant when the rate of generation of heat in 
the wire is equal to the rate at which heat is lost by vadzation and 
convection from the surface. The rate of loss by radiation is proportional 
to the emissivity, which is defined as the guantity of energy given up 
by unit area of the surface in one second per unit difference of temperature 
between the surface and surrounding bodies. 

The Incandescent Lamp.—The consumption of energy, in the carbon * 
filament lamp, is 3-4 watts per candle-power ; in the tungsten filament 
lamp, it is about 1.6 watts per c.p. (or, 0.625 c.p. per watt). 

The effictency is defined, strictly, as the candle-power per watt. 

In the gas-filled metal filament Jamp, the globe is filled with a~ 
mixture of inert gases: as these hinder the volatilisation of the metal, 
the filament can be heated to a higher temperature and, consequently, 
the efficiency is higher. It is about 1.25 c.p. per watt. : 


The Arc Lamp,—When the ends of two carbon rods which differ in 
potential by at least 30 volts are brought together and then separated a 
current continues to pass through an arc which forms between the carbon 
points. The positive rod assumes the form of a crater and wears away 
twice as rapidly as the negative rod, which remains pointed. The 
temperature of the crater is about 3500° C. 

The Electric Furnace.—With the high temperature of the arc various 
chemical processes, e.g. the manufacture of calcium carbide and 
carborundum, are possible. 

Current Energy.—If E is the E.M.F. applied to any circuit in which 
energy is consumed, at the rate of w watts, in work other than the 
generation of heat, then E’=E -F where E’ is the effective E.M.F. of 
the circuit. 


Efficiency.—The efficiency of a battery or generator is the ratio of 
the power absorbed in the external circuit to the total power generated. 
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But, if the function of the generator is to do external mechanical 
work, the efficiency is ¢4e ratio of the energy spent in doing such work 
to the total energy expended. 


QUESTIONS ON CHAPTER XIX 


1. State the laws relating to the production of heat by an electric 
current. What will be the ratio of the currents which will produce in 
one second the same amount of heat in two wires of the same material 
and length, if the radius of one wire is twice that of the other? 

2. Two wires of the same material but of different lengths and 
diameters, are joined in parallel and connected to a battery so that 
they are heated to a high temperature. What must be the relation 
between the lengths and diameters of the two wires in order that they 
may have the same temperature ? 

3. A wire of 5.23 ohms resistance was placed in a calorimeter 
containing 1000 grammes of water, and a current of 5 amperes was sent 
through the coil for 10 minutes. If the initial temperature of the water 
is 10° C., what will be its final temperature ? 

4. A current is passed through a wire of 5 ohms resistance placed in 
a calorimeter. A steady stream of water is kept flowing through the 
calorimeter at the rate of 15 c.c. per minute, and the heating effect was 
such that the water was 4° C. warmer on leaving the calorimeter than it 
was on entering. Find the strength of the current. 

5. (i) Two circuits whose resistances are respectively 1 ohm and 
10 ohms are arranged in parallel. Compare the amount of current 
passing through each of these circuits with that through the battery. 
Compare also the amount of heat developed in the same time in the two 
circuits. 

(ii) If the cell has an E.M.F. of 1.08 volts and 0.5 ohm internal 
resistance, and if the terminals are connected by two wires in parallel 
of 1 ohm and 2 ohms resistance respectively, what is the current in 
each, and what is the ratio of the heats developed in each? 

6. A wire o.I cm. in diameter carrying a current of 10 amperes is 
found to reach a steady temperature at 100°C. Assuming that the 
specific resistance of the material is 2.1 x 10~* ohm per cm.%, and 
= 4.2 * 10! sergs, determine the amount of heat emitted in unit time 
from a square centimetre of the surface. 
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7. Part of the circuit of an electric current consists of a bare wire 
which passes through a vertical glass tube corked at the lower end. 
Explain the effect on the temperature of the wire and on the current in 
the circuit of gradually filling the tube with mercury. 


8. A wire of resistance 7 connects A and B, two points in a circuit, 
the resistance of the remainder of which is R. If without any 
other change being made A and B are also connected by 2-1 
other wires, the resistance of each of which is 7, show that the heat 
produced in the wires together will be greater or less than that 
produced originally in the first wire according as 7 is greater or less 
than RVz. 

9. Explain why a battery capable of producing an arc light which 
would rapidly burn up your finger may nevertheless be scarcely able to 
produce any sensible irritation of the nerves of your fingers when its 
terminals are held in your hands. 


10. The poles of a storage cell are connected successively (a) to two 
feet of copper wire, (2) to two feet of iron wire of the same size, (c) to 
one foot of each wire in series. Supposing the wires to be very fine, 
and neglecting the resistance of the cell, compare the heat produced in 
each wire with that in (a), if the resistance per foot of the iron wire is 
ten times that of the copper wire. 


11. A current was sent through the thick coils of a galvanometer and 
through a I-ohm resistance immersed in 100 grams of water. In 
40 minutes the rise of temperature was 15.8°, and the mean deflection 
was 32°. Calculate the strength of the current, and the reduction-factor 
of the galvanometer. 

12. Twelve Grove’s cells, each of which has an E.M.F. of 1.9 volts 
and a resistance of 0.28 ohm, are to be coupled up so as to generate the 
maximum amount of heat in a resistance of 0.21 ohm. How must the 
cells be arranged ? 

13. A current of one ampere flowing for one second through a 
resistance of 1 ohm produces 0.239 gram-centigrade units of heat. 
What current would have to flow for an hour through a resistance of 
41.84 ohms in order that the heat produced might suffice to raise a 
kilogram of water from 0° C, to the boiling point ? 


14. Heat is generated in a wire of resistance 10 ohms which forms 
part of a circuit containing a battery and having a total resistance of 
25 ohms. Find the resistance of a shunt which when applied to the 
extremities of the wire will cause the heat generated in it per second to 


diminish in the ratio 4 to 1; assuming that the resistance of the wire 
does not alter sensibly with its temperature. 
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15. A jacketed vessel contains a liquid in which a spiral of wire is 
immersed. An E.M.F. of 20 volts is applied to the ends of the spiral, 
and a current of 2 amperes passes through it. Five grammes of the 
liquid is boiled away every minute after steady boiling has begun. 
What is the latent heat of vaporization of the liquid ? 

16. When a current divides between two wires arranged in parallel, 
the current in each branch is inversely proportional to its resistance. 
Prove that the total amount of heat generated in the two wires is less 
than it would be if the current were to divide between them in any other 
proportion. 

17. How many foot-pounds are equivalent to 1 calorie? 

18. Flow many candle-power units are developed per calorie in a 
16 c.p. 200-volt lamp taking 0.32 ampere? 

19. How many calories are equivalent to 1 kilowatt-hour? 


20. How many candle-power units per horse-power are obtained 
from an arc-lamp taking 12 amperes from a 50-volt circuit and giving 
a light equal to 600 candle-power ? 

21. At 6d. per B.T.U., how much does it cost for electric energy to 
keep ten lamps, each giving 15 candles, glowing for 5 hours, if 3.5 watts 
are required for each candle-power ? 

22. A charging current of 10 amperes is sent through a secondary 
cell for 12 hours, during which the voltage rises uniformly from 2 to 2.2 
volts. A discharge current of 11 amperes is taken from the cell for 
9 hours, and the voltage drops uniformly from 2.2 to 1.8 volt. Calculate 
the energy in watt-hours put in and given out. 

23. A dynamo feeds 1000 16-candle-power lamps. What current 
must the dynamo supply if the difference of potential at its terminals 
is 200 volts and each lamp absorbs 3.6 watts per candle? 

24. You are given an ammeter, a voltmeter, and a Bunsen photo- 
meter. Explain how you would determine the watts per candle 
absorbed by a glow lamp. 

25. Show the conditions under which the electric arc can be formed 
and maintained between two carbon electrodes, and describe the 
differences in shape, temperature, and rate of consumption of the two 
electrodes. 

26, An engine supplies 150 horse-power to a dynamo delivering 
230 amperes at a voltage of 440. What is the commercial efficiency of 
the generator ? , 

27. A battery of 12 cells, each with 2 volts E.M.F. and 1 ohm 
resistance, may be connected in 6 different ways: all in series; 2 rows 
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of 6 each; 3. rows of 4 each; 4 rows of 3 each; 6 rows of 2 each; all 
in parallel. If the external resistance is 3 ohms, what is the current 
strength and the efficiency in each case? 

28. If electric energy for heating purposes be supplied at 2d. per 
unit, find the cost of boiling a quart of water in 5 minutes, and the mean 
power required. [Initial temperature of water 15°C. Efficiency of 
kettle 90 % (1 Ib. = 453.6 grams). 

29. An electric battery of constant E.M.F. having an internal resist- 
ance of 5 ohms, is connected to resistance coils of 10 ohms and 20 ohms 
respectively, arranged (1) in series, (2) in parallel. Neglecting the 
resistance of the connecting wires, compare the amounts of heat pro- 
duced (a) in the whole circuit, (4) in the two coils. 

30. On passing a current of I ampere through a piece of platinum 
wire it is found that its temperature rises 10° C. above that of surround- 
ing objects which are at o° C. Assuming that the rate of loss of heat 
is proportional to the difference of temperature, calculate the tempera- 
ture of the wire when a current of two amperes passes through it. The 
temperature coefficient of the resistance of the wire may be taken as 
0.004 of the resistance at 0° C. 

31. How would you prove experimentally that the heat produced by 
a current in a wire is proportional to the square of the current? 

Explain how to determine the resistance of a wire in E.M. units with 
the aid of a standard ammeter or tangent galvanometer. 

32. Explain how the mechanical equivalent of heat may be deter- 
mined by measuring the electric energy spent in heating a resistance. 
What instruments would you require, and how would you perform the 
experiment ? 

33. Describe what arrangements you would make if you wanted to 
run a single 50-volt incandescent lamp off a 110-volt circuit. If the 
lamp takes 0.5 ampere, how much power is taken from the mains and 
how much power is absorbed by the lamp? 

34. A current of water of 0.8 gm. per second is passed through a 
glass tube of 50 cm. in length, along the axis of which a platinum wire 
is stretched. The wire is heated by an electric current. The strength 
of the current is 2 amperes, and the difference in potential between the 
ends of the wire is 16 volts. Calculate the rise in temperature of the 


water as it passes through the tube. The mechanical equivalent of the 
thermal unit is 4.2 x 107 ¢.G.s. units. 


CHAPTER XX 
THERMO-ELECTRICITY 


A Thermo-Element.—A closed chain of metallic conductors, 
with all junctions at the same temperature, cannot give rise to a 
current. Seebeck (of Berlin) observed, in 1821, that this is no 
longer true if the temperatures of the junctions are not the same. 
Fig. 249 represents Seebeck’s initial experiment, in which the 
ends of a bent copper bar are 
soldered to the ends of a bar 
of bismuth, and a magnetised fz 
needle (7) is supported hori- 
zontally between the bars ; Be 
when one of the junctions is 
heated a deflection of the needle indicates a current proceed- 
ing through the cold junction from copper to bismuth. A pair 
of metals arranged in this manner is called a Thermo-element 
or Thermo-couple; and, in the above case, copper is said to 
be thermo-electrically positive to bismuth. 

Seebeck arranged various metals in a Thermo-electric Series 
such that when any pair of metals is used the current always 
proceeds through the cold junction from the metal which is 
higher to that which is lower in the series. Seebeck’s series 
isasfollows: Antimony, Iron, Zinc, Gold, Silver, Copper, Lead, 
Tin, Platinum, Bismuth. The following sentence is a useful 
means of remembering the direction of a thermo-electric 
current : In an antimony-bismuth couple, the current flows 
from Antimony to Bismuth through the Cold junction. 


Fic. 249.—Seebeck’s Experiment. 
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Thermo-Electric Inversion.—The electro-motive force gen- 
erated by any pair of metals depends both on the difference of 
temperature of the junctions and on the acfwa/ temperatures of 
the junctions. 


Expt. 74.—Attach two copper wires to the terminals of a low-resistance 
mirror galvanometer G (Fig. 250). Determine the direction of current 
required to cause a deflection to the right or left by momentarily including 
a cell in circuit. Connect the free ends of the 
copper wires by means of a piece of thin soft- 
iron wire. Gradually raise the temperature of 
the junction T by holding it over a spirit flame. 
Notice that the current proceeds through the 
cool junction from iron to copper. As the 
temperature of T rises the deflection slowly 
increases to a maximum value, it then dimi- 
nishes to zero. Finally, at a still higher tem- 
perature, ‘he E.M.F. is reversed, showing that copper is now thermo- 
electrically positive to iron. Allow the junction to cool, and notice 
how the deflection undergoes the same cycle of changes in a reverse 
order. 


Fic. 250. 


Cumming, in 1823, first observed this zzversion of E.M.F. when 
the hot junction is raised above a certain temperature. Zhe 
temperature of the hotter junction when the E.M.¥. 1s a@ maximum 
is termed the Neutral Temperature. The neutral temperature 
for copper/iron is 275° C. 

Law of Intermediate Metals.—If a junction of a thermo- 
element A/B at a temperature T° is opened, and a piece of a third 
metal € is inserted (Fig. 251), the E.M.F. remains the same, 
providing that both junctions of the metal ¢ are at the same 
temperature T°. This may be expressed by the equation 


E{(A/B)=E} (A/C) +E} (C/B). 
Fig. 252 represents the method by which Becquerel verified 
the truth of this law. He observed the deflections when any 


one junction was heated to 20° C., while the others were cooled 
too’ G. The following deflections were observed : 


27.96 if the Iron/Copper junction was heated. 
35 5, Copper/Tin ” 
31.240 Lronval im 


” 


” ” 
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The E.M.F. for iron/copper+copper/tin=27.96+ 3.5 = 31.46, 
which is approximately the same as for the iron/tin element. 

From this law it is evidently unnecessary to determine the 
E.M.F. for all pairs of metals, since that of a given pair can be 
deduced from the E.M.F. of each metal when combined with a 


[e 


Fic. 251. 


third metal. For reasons which will be subsequently explained 
(p. 375), lead is taken usually as the standard metal; some 
observers have used mercury owing to the high degree of purity 
in which it can be obtained, but it cannot be used with some 
metals, ¢.g. lead, owing to the readiness with which it dissolves 
them. 

Law of Successive Temperatures.—The E.M.F. of any couple 
between the temperatures T and ¢ is equal to the sum of the 
E.M.F. between T and any intermediate temperature 0, and the 
E.M.F. between the temperatures 6 and 4, or 

E}=E,+E:- 

Thermo-Electric Curves.—The relationship between the 
E.M.F. of any couple and the temperatures of the junctions may 
be represented graphically by a curve in which the ordinates 
and abscissae represent the E.M.F. and the temperature of the 
hotter junction respectively, the cold junction being kept uni- 
formly at o° C. This method of representation was introduced 
by Gaugain. Fig. 253 represents a hypothetical case, which 
serves as a type of the curve which would be obtained with 
any couple. If the temperature of the hot junction is 4° C., 
the E.M.F. is represented by 4,2. If 4, is nearly zero, the: line 
Oe, is practically straight, and the tangent of the angle ¢,O¢, 
may be represented by @dE/d¢, where @E is the small E.M.F. 
caused by the small temperature-difference d/; this ratio may 


362 MAGNETISM AND ELECTRICITY FOR STUDENTS 


be termed ¢he rate of increase of E.M.¥. with temperature. As 
the temperature of the hot junction increases the angle of in- 
clination of the curve at that temperature becomes less, Z.e. 
the rate-of increase of E.M.¥. becomes less, until the E.M.F. has a 
maximum value at a temperature Z,° C., which is the neutral 
temperature. At higher temperatures the EM.F. diminishes, 
and becomes zero at Z, C.; at 4, C. itis reversed. If the tem- 
peratures of the junctions are ¢, and 4, the E.M.F. is represented 
by e,. Ifthe temperatures are equally distant on either side of 
the neutral temperature, e.g. 4 and 73, the E.M.F. is zero. 


is told 


™~ 


a 


tn 
Temperature 


Fic. 253.—Thermo-Electric Curve. 


Gaugain considered these curves to be hyperbolas, but 
Avenarius and Lord Kelvin proved by experiment that they 
were parabolas, and that the curves were symmetrical on either 
side of the vertical line drawn through the neutral temperature. 

Since the curves are parabolic, they may be represented 
empirically by an equation of the type y=dxr+cx%. Avenarius 
introduced the formula E=é¢+ct®, where E and ¢ represent the 
E.M.F. and temperature of the hot junction, 4 and ¢ are constants 
for the given pair of metals. In order to find the E.M.F. when 
the junctions are at any temperatures ¢, and 4, then, by the 
law of successive temperatures, 


EG=EZ+E% 
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or EY=E? ES 
= bt, 4 cto? — (64, +cz,”) 
=(4.-1)| b+2c(444) | fel ORE (1) 


Hence the E.M.F. is zero either (i) when 4,=4, or (ii) when 
(4,+7%)/2=—4/2c. In the latter case, (¢,+7,)/2 must be the 
neutral temperature, the numerical value of which is given by 
the ratio —4/2c. 

The values of the constants 4 and 2c for any metal with lead 
may be determined by measuring the E.M.F. of the couple at two 
different pairs of temperatures, thus giving two equations 
similar to (1) above; the values of 4 and 2c are derived by 
solving these equations. The earliest determinations were 
made by Tait, who measured the E.M.F. by means of a mirror 
galvanometer of known constant, and the temperature by mer- 
cury thermometers. Later experimenters have measured the 
E.M.F. by a potentiometer method. The earlier values of the 
constants are untrustworthy, owing to the difficulty of obtaining 
perfectly pure specimens of the metals. 

Thermo-Electric Power.—Imagine a couple consisting of 
lead and another metal, with the junctions at 7° C. and o° C,, 
then Be OPC I ee ee (1) 


If the temperature of the hotter junction is raised to a slightly 
higher temperature=(7+ 2), then 
Ej)” =4(¢+ dt)+c(t+ at? 
=0(+6.dt+ct?+2ct.dt+c. dt. 
Hence, if the two junctions are at temperatures ¢ and (¢+d/) 


respectively, the small E.M.F. generated in the circuit may be 


expressed thus 
dE =k * =E* —E; 


0 0 
=b.dt+2ct. dt. 
(Since d¢ is very small, the term involving d¢? may be neglected.) 
dE 
Hence, ie oom dade Be anccsdte te comanie css (2) 


1This equation may be directly obtained from equation (1) by simple differ- 
entiation. 
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The ratio dE/dt is termed the Thermo-Electric Power of the 
metal with respect to lead at the temperature t’ C. If the 
values of this ratio at various temperatures are plotted on 
squared paper, a straight line is obtained, for any equation 
of the type y=+2cx represents a straight line, and the 
tangent of the angle which the line makes with the axis of 
X is 2¢. 

Since lead is taken as the standard metal, its thermo-electric 
line may be represented by' the horizontal OX (Fig. 254), and 
the vertical distance of the line 
AB above OX may represent the 
thermo-electric power of another 
metal with respect to lead at various 
temperatures measured along the 
axis OX. Oy represents the value 
of the constant 4, and tan 0@=2c. 
If 2¢ is negative, the line AB will 
YY slope in the opposite direction, and 
5 ofa 79 if 6 is negative then AB will be 

Piacy. drawn below the axis OX. 
In order to calculate the E.M.F. 
due to the couple when the junctions are at temperatures ¢, and 
f,, consider, in the first case, the E.M.F. if the temperature of the 


hotter junction is (4,+ 7), then, if the points 7, and #, correspond 
to temperatures 7,° and Z,°, 


B 


Area of shaded strip du=& x dt=dE 


(since the area of the strip is equal to the average thermo- 
electric power, between the temperatures ¢, and (¢,+d7), multi- 
plied by the width of the strip). If the temperatures of the 
junctions were (¢,+d7?) and (¢,+2d¢), the E.M.F. would be repre- 
sented by the next strip. If the temperatures are 7, and 4, 
then, by the Law of Successive Temperatures, the total E.M.F. 
is equal to the sum of all the shaded areas between the limiting 
temperatures. The area az.) is equal to the product of half 
the sum of the vertical ends and the distance apart, hence: 


au, t+ bu, 
Total E.M.F.= (sao (¢,—2,). 


THERMO-ELECTRIC DIAGRAMS 365 


Or, the total E.M.F. is equal to the product of the average 
thermo-electric power and the difference in temperature. 

Since the metal in question is thermo-electrically positive to 
lead, the current will traverse the cold junction from the metal 
to lead, and the direction of the current round the circuit would 
be represented in Fig. 254 as counter-clochwise. 

If the coupie consists of two metais AB and CD (Fig. 255), 
with junctions at ¢, and 4, the area af, 
represents the E.M.F. due to a couple 
AB/lead, and the area c7¢, represents the 
E.M.F. due to a couple CD/lead. Hence, 
by the Law of Intermediate Metals, 
the area cada represents the E.M.F. due 
to the couple AB/CD. The E.M.F. will 
increase as the temperature of the 
hotter junction is raised to 4,°C., £, 
which is the neutral temperature for 
the two metals. At a still higher temperature the total E.M.F. 
is equal to the aference of the shaded areas on the left and 
right of N. If the temperatures of the junctions are equidistant 
from N, the E:M.F. is zero. 

Thermo-Electric Diagram. —Fig. 2561 represents the thermo- 
electric powers of several metals compared with lead, measured 
in mzcro-volts per 1° C. 

If the thermo-electric power of a metal, at any standard 
temperature 7° C., is represented by the symbol Z, then 


Z, ty 
Fic. 255. 


aE 
2 = ay =F +2¢7¢. 
The thermo-electric power at 4,° C.=4+2ct,=6+ 2ct+2c(4,—2) 


= 71a 01H C2 pte) SCRE IOOS (3) 


But the E.M.F. of any couple with junctions at 7, and % is 
equal to the product of the thermo-electric power at the mean 
temperature into the difference of temperature. Hence 


E?= [2 42¢ (ee = t) |e dep © a ee (4) 


2 


1 This diagram is based upon the experimental results obtained by Noll, and the 
table of constants is taken from Prof. Callendar’s article on Thermo-Electricity 


(Encyclo. Brit., 1902). . 
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Table of thermo-electric powers, in micro-volts at 50° C., of pure 
metals with respect to lead. (Noll.) 


Metal. p. 2c. Metal. 

Aluminium, | — 0.41 | +0.00174 |} Mercury, - : — 0.0086 
Antimony, - | + 3.21 | +0.02817 || Nickel, - : — 0.0302 
Bismuth, -| —76.87 | —0.0848 Platinum, - . —0.02I1 
Cadmium, -| + 4.71 | +0.0339 || Silver, - z +0.0076 
Copper, -| + 3.22 | +0.008 Tin, - - : +0.0019 
Cobalt, - | —19.252 | —0.0734 || Zinc, : ‘ +0.0172 
Tron, - - | +11.835 | —0.0306 


The constants for Antimony and Bismuth are due to Dewar and 
Fleming. 


The constants given in the above table are correct at 50° C., 
hence the formulae (3) and (4) will become 


Pr =h+2e(4- 50); 
anid on [p+2 (4+ )] Pees 


If it is required to calculate the E.M.F. obtained by two metals 
m, and my», with junctions at 4, and 4, then 


For couple m,/Lead, E,=(¢,—7,) [ 2. +264 (2i4 ws - 50) | 


” m,/Lead, Ex=(4-4)| pot+20 (2+4_ 50) | 


Hence E Ty 
E=E,-Es=(4-4)| (fo-fx) + (2¢e-20) (24 


EXxAMPLE.—Calculate the E.M.F. obtained with an iron-copper couple 
when the junctions are at 0° C. and 200° C. 

From the table of constants, Ja = + 11.835, fo = + 3.22, 2¢a = — 0.0306, 
2¢s = + 0.008. Hence, from equation (5), E=200[8.615 — (0.0386 x 50)] 
=200[8.615 — 1.93]=1337 mzcrovolts. 

If the fundamental equation of Avenarius (p. 362), E=d¢+c7%, is used, 
the values of the constants 6 and ¢ for any metal m may be derived 
by calculating the E.M.F. for the couple m/Lead at two pairs of 
temperatures by means of equation (5), and substituting the values of E 
and ¢ in both cases in the equation of Avenarius, thus giving two 
equations from which the values of the constants may be determined. 
Thus, to find the constants for Iron, consider an Iron/Lead couple. 
From equation (5), if junctions are at o° C. and 100° C., E=11.835 x 100 
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=1183.5 microvolts ; if the junctions are at o° C. and 200°C., 
E =[11.835 —(.0306 x 50) ]200 =2061 microvolts. Substituting in 
the equation of Avenarius, 


(Thermo electric power; in microvolts per1C J 


1183.5 =1000 + 104c, } 
2061 =200b + (4 x 104)c. 
From which 6 = +13.365, and c= — 0.0153. 
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Fic. 256.—The thermo-electric powers of several metals compared with lead. 
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The Thermo-pile and Radio-micrometer.—The E.M.F. ob- 
tained by means of a single thermo-couple is extremely small ; 
thus, by formula (5), the E.M.F. 
due to an Antimony/Bismuth 
couple,with junctions at o°C. and 
too’ C., is only 0.008 volt. By 
connecting couples in series 
with alternate junctions heated 
to roo° and the other junctions 
at o°, the total E.M.F. will be 
times as great as that of a single 
couple. According to this 
* principle Nobili constructed a 
; Thermo-pile for observing small 
+4 oe ae a Mir differences of temperature: the 
instrument has rendered great 
service in the study of radiant heat. It consists of a number of 
bars of antimony and bismuth joined together (Fig. 257) with 
odd and even junctions on op- 
posite sides of a column of bars, 
several such columns being joined 
together in series to form a com- 
pact cube. Care is taken that 
the bars are insulated from each 
other except at the junctions. 
The first and last bars in the 
series are connected to terminal 
binding screws. One face of the 
cube is coated with lamp-black 
so as to absorb radiant heat as 
readily as possible, and the other 
face is protected by a polished 
metal cover. The deflection of a 
galvanometer connected to the 
pile will give a measure of the 
E.M.F., and therefore of the temperature difterence between the 
faces of the pile. Fig. 258 represents the usual method of 
mounting a thermo-pile. 
The sensibility of a thermo-pile is reduced by the fact that 


F 


Fic. 258.—A Thermo-pile. 
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the bars are good conductors of heat, which tends to equalise 
the temperatures of the junctions; moreover, the bars have 
considerable heat-capacity. 
The Radio-micrometer (Fig. 
259), devised by Mr. Vernon 
Boys, is a far more sensi- 
tive appliance for detecting 
radiant heat. It consists of 
a vertical loop of thin copper 
wire, the circuit of which is 
“ completed by two extremely 
small bars of antimony and 
bismuth separated by a small 
square (2 mms.) of blackened 
copper foil. The circuit is 
suspended by a quartz fibre 
between the poles of a strong 
electro-magnet. When the 
temperature of the copper- 
foil is raised, a small current 
is generated round the cir- 
cuit, and the loop tends to 
set perpendicularly to the 
lines of force. The deflection 
is observed by means of a 
beam of light reflected from 
a mirror 7, attached to the 
copper loop. Since the mag- 
netic qualities of antimony 
and bismuth may render the 
instrument untrustworthy, the 
couple is screened magnetically by a thick jacket of soft iron 
(shown by the darker shading). The instrument will give an 
appreciable deflection with a quantity of heat equal to that 
radiated on to a halfpenny by a candle-flame 1530 ft. away 
from it. 

The Thermo-couple Pyrometer.—The application of the 
thermo-electric phenomenon to the measurement of high tem- 
perature was first suggested by Becquerel in 1826, and the 
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Fic. 259.—Boys’s Radio-micrometer. 
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method is now extensively used. The thermo-couple which has 
proved most satisfactory consists of two wires, one of pure 
platinum and the other of platinum alloyed with 10% of rhodium ; 
iridiumis sometimes used instead of rhodium. The two wires 
are twisted together and the junction soldered with gold. Fig. 
260 represents how the thermo-couple is applied in the Roberts- 
Austen pyrometer to the measurement of the temperature of 
molten metal. The wire ACB is composed of the alloy, and the 
wires ADE and BF are of pure platinum. The junction A is 
protected by a fire-clay tube, and the junction B is maintained 
at a constant known temperature by surrounding it with steam, 
The E.M.F. generated by the couple is proportional to the de- 
flection observed with a sensitive galvanometer G, of which the 


Fic. 260.—The Roberts-Austen Pyrometer. 
resistance is at least 200 ohms. The chief advantage of the 
thermo-couple, as compared with the platinum resistance ther- 
mometer (p. 310) or a mercury thermometer, is that it is capable 
of recording the temperature at a Zornt, for there is scarcely any 
limit to the possible smallness of the junction. 

The relationship between E.M.F. and temperature is expressed 
by the formula, due to Tait, 

E=46(4,—4)+c(¢2—-2,?). 

The pyrometer may be calibrated therefore by measuring the 
™.M.F. at two different pairs of temperatures, and calculating the 
values of the constants 6 and ¢ from the two equations so 
obtained. It is evident that 4 can be calculated if the values 
of 4, c, and ¢, are known, and if E is measured by means of the 
galvanometer. The accuracy of the pyrometer at high tem- 
peratures has been verified by taking simultaneous readings 
with the pyrometer and with an air-thermometer.! 


1 Edser’s Heat, p. 111 (Macmillan). 
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The Peltier Effect.—When one junction of an antimony/ 
bismuth couple is heated, the current flows through the hot 
junction from bismuth to antimony (Fig. 261). Peltier observed, 
in 1834, that if both junctions are at the same temperature, and 
if a battery is included in the circuit so as to send a current in 
the same direction as before, then heat is adsorded at the junction 
T, and generated at the junction Zz Also, these heat effects are 
reversed when the direction of the current is reversed. This is 
termed the Peltier Effect. It is quite independent of the heat 
generated according to Joule’s Law, which is equal to I?R¢: 


v 


huowl2u 


Bismuth 


Fic. 26. Fic. 262. 


it can therefore be most readily observed by using ¢hick 
bars of metal in which the Joule effect will be a minimum. 
Fig. 262 represents the method adopted by Peltier to observe 
the effect, in which two rods of antimony and bismuth (11 cms. 
long and 16 sq. mms. cross-section) are soldered together to 
form a cross. If a current is sent across the junction in the 
direction of the arrow, the deflection of the galvanometer needle 
will indicate a thermo-current across the junction from antimony 
to bismuth, showing that the zunction 1s cooled. 


Expr. 75.—Connect together, as shown in Fig. 263, a battery B, 
commutator C (with diagonal 
wires removed), thermo-pile TP, 
and a low-resistance galvano- 
meterG. Passa current through 
TP for a short time, and quickly 
reverse the commutator so as to ee eee 
cut out the battery and complete _‘ Fic. 263.—Method of showing the Peltier 
the circuit through G and TP. ee 
The observed deflection will indicate a current through TP in a reverse 


== 
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direction. By varying the strength of current from the battery it 
may be shown that the thermo-current is approximately proportional 
to the battery current. 


The Peltier effect may be explained if we assume that there 
is, at a junction of two metals, a sudden change of potential 
which is independent of the potential changes 
due to the battery. Thus, ifa current traverses 
the junction represented in Fig. 264 from left 
to right, heat will be generated at the junction 
since the current will do work in traversing a 
fall of potential. If the direction of the current 
is reversed heat will be absorbed to an amount equivalent to the 
work done in overcoming the rise in potential. The mechani- 
cal equivalent of the heat generated or absorbed by a current 
of strength 7 in ¢ seconds is given by the equation 

JH=(V; —V2)tt =Pie- 

The Peltier coefficient P is defined as the energy generated or 
absorbed at a junction of two metals traversed by unit current for 
unit time. 

In any portion of a circuit, of resistance R, which includes a 
single thermo-junction, the total energy generated 

(JH)=2?R2+ Pit 
when the current is in one direction; but if the current is 
reversed the total energy (JH’)=z2R¢—Pzt. The value of 
the coefficient P is determined by measuring the difference 
between the above quantities, thus 
p_J(H—-H) 
2zt 

Le Roux adopted the method of Fig, 
265 in order to measure the Peltier 
coefficient. A and B are two azfz- 
mony|bismuth couples, the shaded 
elements being antimony, immersed in 
water contained in two calorimeters. 
On passing a current of known strength through the circuit for a given 
time, the heat developed in the calorimeters is given by the equations 

Hy=w2,, and H,=zofy 
(where zw, and we, are the water-equivalents of the calorimeters and 
contents, ¢, and ¢, the observed rise of temperature). 


Fic. 265. 
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If Q, and Q, represent the heat due to the Joule effect in the two 

cases, also P, and P, the Peltier heat effect, then 
H,=Q,+P,, and H,=Q,-— P». 

It a current of the same strength is now passed in the reverse direction 

for the same time, then 
Hy’=Q,-P), and H,’=Q,+P». 

Hence P,=(H,—H,’)/2, and P,=(H,’—H,)/2. 

But P,=P,, therefore P=(H, —-H,’+H,’- H,)/4. 

Le Roux found that the value of P for any couple is proportional to 
the thermo-electric power of the couple, and also that the value increased 
with increase of temperature. 

More accurate results have been obtained by Jahn (1888) by measur- 
ing the heat developed when the junction is enclosed in a Bunsen 
ice-calorimeter. The Joule effect was eliminated by repeating the 
observation when the current was reversed. 

Thermodynamics of the Peltier Effect.—Consider the case of 
a single antimony/bismuth couple, with the junctions at 100° C. and 
oC. Heat is absorbed at the hot junction, and is generated at the 
cold junction; moreover, ‘hese effects are reversible. The current 
which is generated will also develop in the circuit a quantity of heat 
proportional to z*R¢: this is independent of the direction of the current 
and is therefore zrreverstble. The whole cycle of operations is therefore 
not reversible. But if we assume the circuit to have so low a resistance 
that the Joule effect is negligible, and that the circuit includes some 
mechanism, such as a perfect motor, which will convert all the electrical 
energy into mechanical work, then the cycle of operations may be 
regarded as completely reversible ; for, if the junctions are initially at 
the same temperature, and if the motor is rotated in the opposite 
direction, a reverse current will be generated which will produce 
reversed heat effects at the junctions. With this assumption the circuit 
is comparable to a perfect heat engine, in which the ratio of the heat 
absorbed to the heat given up to the condenser is equal to the ratio of 
the absolute temperature of the source of heat to that of the condenser. 
Hence, if P,; and P, are the mechanical equivalents of the heat absorbed 
and liberated at the hot and cold junctions respectively when unit 
quantity traverses the circuit, P,/P,=T,,/T,, where T, and Ty are the 
absolute temperatures of the junctions ; or, 

(P.- P,)/P}=(T2-Ty)/Ti, or E=(T,-T,)P,/T}. 
According to this result, the E.M.F. would be directly proportional to 
the difference of temperature of the junctions, which is contrary to 


1See Edser’s Heat, p. 347- 
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observed facts. This process of reasoning led Lord Kelvin, in 1851, 
to predict the existence of reversible heat effects in other parts of 
the circuit besides the junctions. He afterwards demonstrated, when 
a current flowed through unequally heated conductors, that heat was 
generated in some cases, but absorbed in others; thus, a current through 
iron from a hotter to a colder part is accompanied by adsorption of heat, 
while the same conditions in copper are accompanied by generation of 
heat. This is known as the Thomson Effect. 


The Thomson Effect.—The Thomson effect may be repre- 
sented as in Fig. 266, which represents a current traversing 
a copper or iron wire, the 
centres of which are main- 
tained at a higher tempera- 
ture than the ends. In the 


eens: eh case of a copper wire, the hot 
portion is thermo-electrically 
B positive to the cold ends, 


AE Sa ‘cold consequently heat is absorbed 
POSITIVE EFFECT. (Cu,Sb,Ag;Cd,2n,) (and energy gained) in the 
first half of the wire, while 
in the second half heat is 
generated and energy lost. 


heat heat If we compare the tempera- 
generated absorbed tures of two points, A and B, 
which are equidistant from 

Ay eer ree oe Th NER pe centre, that of B will 
NEGATIVE EFFECT. (Fe,Pt,Bi,Co,Ni,Hg.) become higher than that of 
Fic. 266.—The Thomson effect. A. This is known as the 


positive effect, and is also 
observed in antimony, silver, cadmium, and zinc. In the case 
of iron, the cold ends are thermo-electrically positive to the 
hotter portions ; heat is therefore generated in the first half and 
absorbed in the second half, also the temperature of a point 
A’ will become slightly higher than that of B’. This is termed 
the negative effect, and is also observed in platinum, bismuth, 
cobalt, nickel, and mercury. 
By reference to Fig. 256, it will be observed that the thermo- 
electric lines for all metals showing the ositive effect slope 
upwards from left to right, while the lines for those showing 
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the negative effect slope downwards. The Thomson effect has 
not been observed in lead, and its thermo-electric line is re- 
garded as horizontal. 

The apparent transfer of heat in a forward direction in those 
metals showing the positive effect has led to the expression 
that the specific heat of elec- 
tricity in these metals is 
positive ; in other metals 
the specific heat of electri- 
city is negative. The phe- 
nomenon is sometimes 
referred to as a convection 
of heat by a current of 
electricity, which, in the 
case of copper, resembles 
that which would be caused 
by the flow of water along a pipe surrounded at intervals with 
jackets which are alternately hot and cold. In the case of iron, 
the ‘convection’ of heat is in the op- 
posite direction to that of thecurrent, 
and may be termed negative. 

Lord Kelvin verified the electric 
convection of heat in the following 
manner: Fig. 267 represents broad 
strips of iron joined together, with 
{\ cylindrical openings at C and E for 

| two thermometers. The points B 
j and F were maintained at a uni- 
| formly low temperature by means 
| of cold water, and D was immersed 
in boiling water. The readings of 
J the thermometers were compared 
when the current was sent from 
Fic. pence ethics os showing the A to G and when in the reverse 
are direction. The excess of E over C 

was always greatest when the current passed from G to A. 

Expt. 76.1—In Fig. 268 AB represents a piece of copper wire 
(No. 28, 4 cms. long) soldered at each end to thick copper wires 

1 Described by Prof. Callendar (Ezcycl. Brit., 1902). 
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(No. 12) and heated to 100°-150° C. by means of a strong current. 
AD and BD are each I metre long and of No. 22 copper wire. Gisa 
low resistance galvanometer connected by very thin wires to the middle 
point of AB and to D. The shunt S serves to balance the adjustment 
when the current is passing through AB. If the metal is copper, and 
the current passes from A to B, then CB is hotter than AC; on 
reversing the current AC will become hotter than BC, and the galvano- 
meter will be deflected owing to the balance being disturbed. 

The Thomson effect may be defined quantitatively thus: If 
a current z passes for a time ¢ between two points in a copper wire, 
the temperatures of which are T and T+d@T (Fig. 269), then the 
energy absorbed is equal to z/ocyu@T, where ocu represents the 
magnitude of the Thomson effect in copper. Hence the pro- 
duct ocadT is of the same dimensions as an E.M.F., and Ocu 
may be expressed as a potential difference per 1° C.1 


T+d a7 


Li T+dT 
Fic. 269. Fic. 270. 

Thermodynamics of a Thermo-couple.—Consider a simple Zead/ 
Copper couple (Fig. 270) with junctions at the absolute temperatures T 
and (T+a@T), and assume that the wires are so thick that the Joule effect 
may be neglected. Let (P+dP) and P represent the Peltier coefficients 
at the hot and cold junctions. There will be a gazz of energy at the hot 
junction, and a /oss of energy at the cold junction; also, since the 
current flows through the copper from hot to cold, there will be a ss 
of energy in the copper due to the Thomson effect. The net gain of 

energy when a quantity Q traverses the circuit is therefore 


{Q(P+4P) - QP —Qe,,.aT]. 


It Q=1, the net gain of energy will be numerically equal to the 
E.M.F. of the circuit, which may be represented by dE. Or, 


dE =dPne pdt shen eee wean (6) 


1If a current Z¢passes for time ¢ through a copper wire, the ends of which are 
Hf 


2 
at temperatures T, and Ty, the total energy gained =it| ocy: aT. 
Ty 
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By the reasoning on p. 373 we may regard the thermo- -couple as a 
reversible heat engine. Hence 


P+dP _P  ocdT 
15 Fg ns eal 5 
6o¢@T P+dP P T.dP-P.dT 


or, == - FF = SS 
‘Ek T+dT T T(T+¢T) ’ 
or, 6c, -@aT=dP -—— at approximatel 
Cu T pp Vallcch vor sivesiess nce (7) 
Therefore equation (6) may be written thus, 
db=dP-dp+* 2 _F at. 
dE 
Hence, P =oT* Ligh crtra ee vowte i stveces osideenienita ss (8) 


Or, the Peltier effect is numerically equal to the product of the 
thermo-electric height into the absolute temperature. 
Also, from equation (7), 


P 
Suu t G@P P Ald) 


yt Say gw 5 
‘But, from equation (8), i= - 
aE aE 
TCu is 
Hence, sara or.¢.,=T. FI ERT (9) 


Since 2?E/dT? is equal to the constant 2c, by equation (2), the 
Thomson coefficient is proportional to the constant 2c and to the 
absolute temperature. 

The thermo-electric diagram may be adapted so as to represent the 
magnitudes of the Peltier and Thomson effects if the scale of tempera- 
tures is in adso/uce units. Let Fig. 271 represent the diagram for a 
copper/lead couple, with the junctions at T, and T,. The area 
P,OT3A, represents the energy gained at the hot junction, when unit 
quantity of electricity traverses the junction, for the area is equal to the 
product of the thermo-electric height A,T, and the absolute temperature 
OT;, and the same product: is by definition equal to the Peltier effect. 
Also, if we consider the Thomson effect between two points, A, and A; 
which are very near together, and the temperatures of which differ by 
an amount aT, then, by p. 376, the energy lost between these two 
points=o,,dT. But by equation (9), the Thomson coefficient ¢¢,=2cT. 


H.M. N 
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Hence the energy iost=2c.T.d@T=tan@.T.dT. In Fig. 271 the 
area of the narrow strip I 
P,Ag=(A,a x T,) approx. =dT . tan @x T,=dT. 2c. Tp; 

hence the area of the strip represents the energy which is lost owing to 
the Thomson effect. By adding together the small areas corresponding 
to each portion of the copper wire it is evident that the area P,P A, A, 


fo} 


1 
Fic. 271.—Thermo-electric diagram of a copper/lead couple. 


represents the total energy lost in the copper wire. Also, the area 
P,OT,A, represents the energy lost at the cold junction due to the 
Peltier effect. No energy is lost or gained in the lead wire, since the 
Thomson effect in lead is zero. The algebraical sum of these areas, 
A,T,T.A,, represents the total gain of energy when unit quantity of 
electricity traverses the circuit, and therefore represents the resultant 


E.M.F, of the couple. This result is identical with that obtained by the 
independent process of reasoning on p. 364. 


EXAMPLES.—I. Ifthe absolute unit of current traverses an iron/copper 
junction at 50°C., determine the number of heat units (calories) developed 
in one second. : 

The energy developed in one second by unit current is equal to the 
Peltier coefficient (P), and P=(thermo-electric height x absolute temp.). 
The thermo-electric height at 50°C. ofiron above copper =(11.835 — 3.22) 
micro-volts=861.5 C.G.S. units. Hence P=861.5(273+50)=278,264 
ergs. Since the mechanical equivalent of 1 calorie is (4.2 x 107) ergs, the 
heat developed = 278, 264/(4.2 x 107) =0.0066 calorie. 


2. Calculate the Thomson Effect, in ergs per second, when the 


absolute unit of current traverses a copper wire from the cold end at o° C. 
to the hot erid at't00"° CC. -* ~ * x 
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From Fig. 271 it is readily seen that the area which graphically 
represents the magnitude of the Thomson Effect is equal to the product 
of the mean absolute temperature of the ends and the difference in the 
thermo-electric heights of the ends. 


The thermo-electric height of copper at 0° C. =3.22+(.008 x — 50) 
=2.§2 microvolts. 

The thermo-electric height of copper at 100° C. =3.22+(.008 x 50) 
= 3.62 microvolts. 

The difference in thermo-electric heights=o.8 microvolts=8o c.c.s. 
units. 

The mean absolute temperature =(273 + 50) = 323° C. 

The energy, which is gazned, = (323 x 80)=25,840 ergs. 

3. By calculating the gain and loss of energy in the parts of an 
iron/copper couple, with junctions at 0° C. and 200° C., when the 
absolute unit of current traverses the circuit for 1 second, determine 
the E.M.F. of the couple. 

(i) The Peltier Effect (Py) at the hot junction.—By equation (3), 
the thermo-electric height of copper, at 200° C.,=[#+2c(200—50)] 
= 3.22 +(.008 x 150) =4.42 microvolts=442 C.G.s. units. Similarly, the 
thermo-electric height of iron at 200° C,.=724.5 C.G.s. units. Hence 
P,=(724.5 — 442) X 473 = 133622 ergs. 

(ii) Zhe Peltier Effect (P,) at the cold zunction.—The thermo-electric 
height of copper at o° C. =282 C.G.s. units, and that of iron at o°C. 
= 1336.5 C.G.S. units. Hence P,=(1336.5 — 282) x 273 = 287,878 ergs. 

(iii) The Thomson Effect in the copper=(mean absolute temp. x 
difference of thermo-electric heights) =(373 x 160) = 59,680 ergs. 

(iv) Zhe Thomson Effect in the tron=(373 x 612) =228,270 ergs. 

The Peltier Effect at the cold junction is the only case in which the 
energy is lost; therefore the net gain of energy=(133622 — 287,878 
+ 59,680 + 228,270) =133694 ergs. Hence the E.M.F. of the couple 
= 133694 C.G.S. units = 1336.94 microvolts. (Cf. this result with that 


obtained on p. 366.) 


SUMMARY 


A thermo-element or thermo-couple consists of a closed circuit of 
two different metal conductors with one junction at a higher temperature 


than the other. : 

Metals may be arranged in a thermo-electric series such that, when 
any pair is used, the current passes through the cold junction from the 
metal which is higher to that which is lower in the series. The 
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commoner metals may be arranged thus: Astimony, iron, zinc, silver, 
gold, tin, lead, copper, platinum, bismuth. 

The neutral temperature.—If the temperature of one junction is 
gradually raised the E.M.F. increases to a maximum then diminishes to 
zero, and is finally reversed. This is known as ¢hermo-electric inversion. 
. The temperature of the hotter junction when the E.M.F. is a maximum 
is termed the weutral temperature. 

Law of Intermediate Metals.—The relationship between pairs of 
three metals A, B, and C, is expressed thus : 

Ez (A/B)= Ez (A/C) + Ez (C/B). 

Law of Successive Temperatures : EP =ET+E?. 

Thermo-electric Curves.—If, with any thermo-couple, a series of 
readings of /emperature and of £.M.F. are taken and plotted on squared 
paper, the resulting curve is a parabola and may be expressed by the 


equation E=8t-+ct?, 
where ¢ is the temperature of the hotter junction, the other being kept 
atone 

If the two junctions are at ¢,° C. and 4,° C. respectively, then 


E=(4-4)| 6+ 2e(244) |. 


Thermo-electric Power.—With a couple of which one metal is lead, 
the rate of increase of E.M.F. with rise of temperature, or dE/dt, zs 
termed the thermo-electric power of the metal with respect to lead at the 
temperature t?C. It may be expressed by the equation 


dE 
Se Pima es 


and this is @ straight dine when plotted on squared paper. 

The total E.M.F. of any thermo-couple is equal to the product of 
the average thermo-electric power and the difference in temperature. 

The thermopile and the radiomicrometer are applications of the 
thermo-couple to the detection of small differences of temperature. In 
the thermo-couple pyrometer the principle is applied to the measure- 
ment of high temperatures. 

The Peltier Effect. —If the junctions of a thermo-couple are initially 
at the same temperature, and if a voltaic cell is inserted in the circuit so 
as to send a current in the same direction as would be caused by a 
difference in temperature of the junctions, then heat zs absorbed at the 
hotter junction and generated at the cooler junction. The effect is ° 
reversed if the direction of the current is reversed, and it is quite 
independent of the heat generated according to Joule’s Law. Zhe heat 
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lost or gained due to the Peltier Effect is proportional to the current 
strength and to the time. The Peltier Coefficient P is defined as fhe 
enersy generated or absorbed in one second at a junction traversed by unit 
current. The total energy generated at any junction is expressed by 


the equation JH=2R2 Pv. 


The Thomson Effect.—When a current traverses conductors which 
are heated unequally, heat is generated in some cases and absorbed in 
others. Thus, in iron, a current from a hotter to a colder part is 
accompanied by adsorption of heat, but heat is generated when the 
current is reversed ; the phenomena are reversed in the case of copper. 


QUESTIONS ON CHAPTER XX 


1. Two different metal wires are joined together at two points, and 
one of the junctions is kept at a constant temperature while the other 
is heated. Describe two typical cases of the change observed in the 
electromotive force as the difference of temperature increases. 

2. Explain how the metals may be arranged in a thermo-electric series, 
and the conditions under which such a series has a definite meaning. 

3. Two wires of different metals, A and B, are joined to a battery, 
their other ends being soldered together. If the current flows from A 
to B the junction is heated, if it flows from B to A the junction is 
cooled. How are these facts connected with the production of thermo- 
electric currents in a circuit made up of the metals A and B? 

4. A thermopile is joined up in series with a Daniell cell, and the 
current allowed to flow for a short time. The thermopile is then 
removed from the circuit and connected to the terminals of a galvano- 
meter, the needle of which is thereupon considerably deflected but 
gradually returns to its undisturbed position. Explain this. 

5. AB, CD are two copper wires, and their extremities, A, C, are 
connected by a battery while the extremities, B, D, are joined by a wire. 
What occurs at the junctions B, D? and what happens if, after the 
connexions have been made for a considerable time, the battery is 
removed and the ends AC are joined by a thick copper wire? 

6. Suppose that at some point in an electric circuit heat was being 
developed by the passage of the current. Describe how you would 
determine whether the heating was due to a resistance or to a thermo- 
electric (Peltier) effect. : 

7. Assuming the thermo-electric powers of iron and nickel with 
respect to lead to be +12 and —20 microvolts respectively, find the 
E.M.F. of an iron-nickel couple with junctions at 0° C. and 100°C. 
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8. By means of the thermo-electric diagram (p. 367) calculate the 
E.M.F. of a copper/iron junction when the junctions are at 20° C. and 
120° C,. What will be the E.M.F. if the temperature of the hotter 
junction is raised to 300° C.? In what direction does the current 
traverse the hotter junction ? 

g. By means of the diagram (p. 367) plot a curve showing the 
variation of the E.M.F. of an iron/cadmium couple when one junction is 
kept in ice and the other is gradually heated from 0° C. to 300° C. 

to. One junction of a platinum/lead couple is inserted into an 
enclosed space, the temperature of which is required. The colder 
junction is immersed in a water bath at 20° C., and the circuit is 
completed through a galvanometer of high resistance. The terminals 
of the galvanometer are also connected to two points on a circuit which 
is traversed by a constant current of 0.01 ampere; the points of contact 
are adjusted until there is no deflection, and it is observed that the 
length of the circuit between the points of contact has a resistance of 
0.1 ohm. What is the temperature of the hotter junction ? 

11. Give a short account of thermo-electric forces, including that 
due to the Thomson effect. 

12. What is meant by the Peltier effect? Describe an experiment to 
illustrate this effect. 

13. What is a thermo-electric diagram, and how are the measure- 
ments necessary to construct it made?. Show on it in the case of a 
thermo-electric circuit (z) the Peltier effect at the hot junction, (4) the 
Kelvin (Thomson) effect in one of the metals. 


CHAPTER XXI 
MAGNETISATION OF IRON 


Introductory.—The distinctions between J/ines of force, 
lines of magnetisation, and lines of induction have already 
been explained (p. 68). Also the zxtenstty of magnetisation of 
iron or steel (p. 76), has been defined as the magnetic moment 
per cm.%, or as the pole strength per cm.? of a cross-section 
perpendicular to the lines of magretisation : the former defini- 
tioii is more complete, since the latter is not applicable to a 
continuous iron ring which, though magnetised, does not neces- 
sarily exhibit any free poles. 

If a mass of soft iron is placed in a magnetic field of intensity 
H, the iron is magnetised, and the number of lines traversing 
each cm.? of a cross-section drawn perpendicular to the field 
is increased from H to (47I+H), since 47I is the number of 
lines due to the magnetisation acquired by the iron. Tke total 
group of lines, including those due to the original field and 
those due to the iron, is termed the magnetic tnduction, and is 
denoted by the symbol B (it is also sometimes termed the /ux- 
density) ; hence B=471+H. 

In subsequent paragraphs it will be assumed that the iron 
is so placed in the magnetic field that the direction of magneti- 
sation coincides with that of the original field, and that the 
quantities 47I and H may be added together like simple 
algebraic quantities. Nevertheless, it is well to point out that 
4rl and H are vector quantities, having direction as well as 
magnitude, and that their resultant, B, is derived in the same 
manner as in the case of two mechanical forces. The separation 
of B into components is quite arbitrary, and somewhat difficult 
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to realise ; but the idea is of considerable utility in a further 
study of the subject. 

Permeability and Susceptibility.—When a rod of soft iron 
is placed in a uniform magnetic field H, and with its axis 
coinciding with the direction of the lines of force, the rod 
becomes magnetised. The resultant magnetic force at any 
point is due partly to the original field and partly to the poles 
induced at the ends of the rod; but we may neglect the effect 
of the poles if we consider the rod to be sufficiently long, 
e.g. equal to 400-500 diameters, and only consider the magnitude 
of B at points near to the middle of the rod. The ratio of B to 
H is termed the Permeability (.), or 


aap 
On the other hand, we imay deduce the relationship between 


the magnetisation acquired and the magnetising force by 


determining the zw#¢ensity (1) of magnetisation. The ratio of i 
to H is termed the Susceptibility (x), or 


I 
«k«=—. 
H 
Since B=47I1+H, we may write p=(471+H)/H=14+ 47x. 
Hence K=(4—1)/47. 


With any paramagnetic substance, B is greater than H, 
hence p is greater than unity. In air or empty space, B=H, 
hence ¢he Permeability of the air is unity. With dia- 
magnetic substances p is less than unity, but very slightly 
so compared with the high permeability of paramagnetic 
substances ; thus, in the case of bismuth, ~=0.9998. The 
susceptibility (k) of diamagnetic substances is negative. 

The manner in which lines of force appear to crowd into 
a rod of soft iron placed in a magnetic field is analogous 
to the concentration of lines of flow of an electric current 
into a long copper wire immersed in a tube of mercury along 
which a current is flowing—an effect due to the conductivity 
of copper being greater than that of mercury. This analogy 
has led to the expression that zvon has a higher conductivity 
for magnetic lines of force than the surrounding air. But the 
analogy is only partly true, since the value of p in iron varies 
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according to the degree of magnetisation, while the conduc- 
tivity of copper is independent of the current strength. 

Measurement of Permeability.—In all the methods of 
measurement, the magnetising field is obtained by surrounding 
a rod or ring of the iron under examination with a solenoid of 
wire conveying a current of known strength; then (p. 258) if 
z=current in C.G.s, units and z=number of turns in unit length, 
H=4771. The effect of the free poles induced at the ends of 
a rod may be neglected if it is sufficiently long. 

The value of B may be determined by one of the following 
methods : 

(i) Magnetometer method.—The pole-strength acquired by the 
iron is observed by means of a magnetometer ; from this the 
value of B can be derived. 

(11) Ballistic method.—The current, generated in a secondary 
coil surrounding the magnetising coil when the induction is 
suddenly created or removed, is measured by the throw of a 
ballistic galvanometer. 

(ii) Traction method.—This method depends upon the principle 
that B? is proportional to the force necessary to 
separate two plane surfaces of the same sub- ad, B 
stance, when magnetised to the same degree. \ 

(i) MAGNETOMETER METHOD.—The deflec- \ 
tions of a magnetometer placed at A (Fig. 272) i 
are observed by means of a lamp and scale. \d, 
The rod of iron BC is fixed vertically to the \ 
east or west of A so that the line AB is hori- ; 
zontal, and is surrounded by a closely wrapped \ 
spiral of insulated wire extending beyond each \ 
end of the rod. Let I=intensity of mag- C 
netisation, a=radius of the iron rod, then the SELES 
pole-strength is equal to 7a7I. Hence, 


2 
the intensity of field at A due to the pole at B= “aE , and. 
mal ay. 
” ” ” ” at Cys xT F 
, 2] a3 
.. the total intensity of field (F:) = Fr yas Ai} 


H.M. N2 
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If F,=the intensity of field controlling the magnetometer, and 
6=the deflection produced, then F,=F; tan @, or 


ra" a? 
7 -95\ =F: tan 6; 
i dF, tan 0 
ne ~2;\ na" 
a; 
But, B=47r1+H=471 +4772. 


Hence, B is determined if the values of I, 7, and z are known. 


© Oo 
Fic. 273.—Measurement of Permeability (magnetometer method). 


Fig. 273 represents the arrangement of apparatus. The 
magnetising solenoid C, extends well beyond each end of 
the rod A—so as to ensure uniformity of field in the space 
occupied by A—and is connected through a commutator K to 
an ammeter G, a battery B,, and a liquid rheostat L. A second 
coil is wound over C, and is connected to a single cell B, anda 
resistance 7, and the current is adjusted so that the effect of 
the coil exactly neutralises the magnetism induced in A by the 
earth’s vertical component. The electromagnetic effect of the 
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magnetising coil itself on the magnetometer is neutralised by 
including in the main circuit a compensating coil C, which is 
fixed vertically with its axis in line with the centre of the 
magnetometer needle and so placed that, with the iron rod 
removed, the magnetometer is not affected by the passage of 
a current through the coils. 

(ii) BALLISTIC METHOD.—As explained in Chap. XXII, the 
E.M.F. generated in a coil by a sudden change in the number N 
of lines of force threaded through the coil is equal to the vate of 
change of N, z.e. to dN/dt. If R=total resistance of the circuit, 
z= current generated, and ~,=number of turns of wire in the 


coil, then 
7— Fie a / R. 
The total quantity Q of electricity generated is equal to 7: dt; 
hence, Q=2,.dN/R. 


The guantity of electricity may be measured by joining a 
ballistic galvanometer in circuit with the coil, when the ¢hrow 
of the needle is proportional to the whole quantity of electricity 
generated. The galvanometer is standardised by observing the 
throw due to the rotation of a coil of known dimensions through 
180° in a uniform field of known intensity, e.g. the earth’s field ; 
if rotated round a vertical axis, the effective field will be the 
earth’s horizontal component. Let A,=area of this latter coil, 
M%,=number of turns of wire, F=the component of the earth’s 
field. A rotation through 180° will change the number of lines 
threading the coil by 27,A,F. The quantity of electricity 
generated =27,A,F/R.», where Rg is the total resistance. If 0, 
is the throw due to the change @N, and @, is the throw due 
to the standardising coil, then 

O, : Oy :: 2,.aN/R +: 27,A,F/Re; 

; GO GA sR R 

aN Be Re Og eR aes 
(where K, the constant of the galvanometer, is equal to 
27,A,F/6,Rq, 2.2. the quantity of electricity required to produce 
a throw of 1 scale division). Owing to uncertainty in the value 
of F, more trustworthy results are obtained if the galvanometer 
is standardised by means of a long straight solenoid round the 
middle of which a short secondary coil is wound. The latter 


388 MAGNETISM AND ELECTRICITY FOR STUDENTS 


coil is permanently connected in series with the galvanometer ; 
in Fig. 274 it would take the place of the Earth-inductor mela 
nz is the number of turns per unit length in the primary, @ the 
area, and 7 the current, the change of induction on breaking 
the circuit is 47#,ai ; and, if N is the total number of turns in 
the secondary, K=47,aiN/0,R3.- 

In the ballistic method, a continuous iron ring is generally 
used and round it a magnetising coil is wound uniformly. 
The strength of the field is calculated from the formula 4772 


Fic. 274.—Measurement of Permeability (Ballistic Method). 


(p. 258). Bis measured, according to the above principle, by 
winding over the magnetising coil a secondary coil connected 
to a ballistic galvanometer. It is advantageous to include the 
earth coil in the main circuit, in which case R=R, in the above - 
formula. Since the magnetising force is not uniform across 
the whole section of an iron ring (p. 260), a flat iron ring 
similar in shape to a short piece of iron piping is generally 
used, so that the thickness of the iron is small compared 
with the radius of the ring. 

Fig. 274 represents the arrangement of apparatus. The 
magnetising coil, wound round the iron ring A, is connected 
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through a commutator C to a resistance-box R, a galvanometer 
G,, and a battery. The secondary coil s is in series with the 
earth-coil E and a ballistic galvanometer Gy. The observations 
may be made by either of two methods, (i) dy steps, or (ii) dy 
reversals. In the former, the throw due to a sudden weak 
current is observed; the needle is then brought to rest, the 
current is suddenly increased and the throw again observed, 
and so on: the /ofa/ induction is calculated by adding together 
the individual throws. In the latter method the induction is 
determined by taking one-half the throw observed when the 
current is suddenly reversed. 

It has been observed by Prof. Ewing that the induction does 
not immediately acquire its final value when the magnetising 
current is altered, and that this is particularly 
evident when the field is weak and when 
the mass of material is large. This effect is 
termed magnetic creeping or magnetic viscosity. 
This time-lag is occasionally so marked that 
the ballistic method is not applicable. Except 
in this one detail, the ballistic method is 
generally preferred to the magnetometer 
method. 

(iii) TRACTION METHOD.—Shelford Bid- 
well! has determined permeability by 
measuring the force required to separate the 
halves of a cut iron ring, each half of which 
is wound uniformly with wire traversed by 
the same current. It can be proved that 
the force, Wg dynes, required to separate the 
surfaces of contact is equal to B*S/8z, where 
S is the areaof surface of contact. Prof. 
S. P. Thompson has devised a simple ap- Fic. 275.—The Per- 
pliance, termed a Jermeameter (Fig. 275) for Sete 
measuring permeability. The rod of iron a, of which the per- 
meability is required, passes freely through a hole bored in the 
upper side of a soft iron yoke 4, and its lower end is in contact 
with the lower side of the yoke; both surfaces of contact are 
truly planed. The rod is surrounded with a magnetising coil ¢. 

1 Proceedings Roy. Soc., vol. xl.,1886. 
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A spring-balance @ measures the pull a to separate the 
two surfaces of contact. 

The force necessary to separate the two surfaces is determined 
by the tension along the lines of force which cross the surfaces. 


O Fic. 276. 


From this point of view we may apply 
the results previously obtained (p. 143) for 
the tension along electrostatic lines of 
force which is there proved to be equal 
to 270? dynes per cm.”. In the magnetic 
problem under discussion o is the mag- 
netic density on each surface, and is equal 
to B/47. Hence, if S is the area of the 
surface of contact, the tension along 
the lines of force =27(B/47r)*S =B?S/8z. 
Hence Wg=B?S/8r. The intensity of 


the magnetising field is given by the formula 477,C (p. 258). 
Curves of Magnetisation.—A convenient method of record- 
ing the relationship between the magnetic induction B and the 
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Fic. 277.—B/H Curves for various Metals. 


magnetising force H is to plot the corresponding values of these 
quantities on squared paper, taking values of H as abscissae and 
values cf B as ordinates. Fig. 276 represents a characteristic 
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form of the curve obtained with soft iron or steel. In the first 
portion of the curve, between O and A; the value of B gradually 
increases as H increases. Between A and C, B increases very 
rapidly during a small increase of H. At D the curve becomes 
almost flat, and an increase in H causes only a slight increase in B. 

At any point, the ratio B/H gives the value of the per- 
meability w; and if the point is joined to the origin by a 
straight line, making an angle @ with the horizontal axis, then 
B/H=tan#=yp. In Fig. 276 it is evident that mp increases toa 
maximum value at the point C, and afterwards diminishes. At 
all points beyond C the iron is approximately saturated. 
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Fic. 278.—y/H Curve for Annealed Wrought Iron. 
Fig. 277 represents the B/H curves obtained with annealed 
wrought iron, cast iron, annealed and glass-hard steel, and 
nickel. It will be observed that annealed wrought iron gives a 
much higher value of B for a given value of H, and becomes 
saturated with a much lower value of H, than is the case with 
other kinds of iron or steel. 
The relationship between » and H for annealed wrought iron 
is shown in Fig. 278. The data, tabulated below, were obtained 


15 
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by Prof. Rowland! who used a ring of the specimen, and 
measured B by the ballistic method. 


VALUES OF H, B, AND # FOR ANNEALED WROUGHT IRON. 


272 
3.16 
4.05 


B. be H. B. Be 
71 390 5-31 10,080 1899 
600 869 8.48 12,270 1448 
2460 1936 10.23 12,970 1269 
2920 2078 11.99 13,630 1137 
4960 | 2433 || 17-69 | 14,540 824 
5480 | 2470 || 34.17 | 15,770 462 
6650 2448 
7479 2367 
8940 | 2208 


The permeability rapidly increases to a maximum value of 


about 2400 corresponding to H=2.7 C.G.S. units. 


values of H the permeability slowly diminishes. 
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Fic. 279.—Hysteresis Curve for Annealed Iron Wire, 


1 Phil. Mag., xvi., 1873. 
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Cycles of Magnetisation. Hysteresis.—The curves obtained 
by plotting the values of B produced by a cyclic change in H 
have the general form shown in Fig. 279, which has been 
obtained with a specimen of annealed soft iron. Commencing 
at 0, the curve oa is obtained; on slowly diminishing H the 
magnetisation is largely retained, and even when H is reduced 
to zero permanent magnetisation represented by 06 still remains. 
On applying a negative magnetising force, B is gradually 
reduced, and becomes zero when H=—-—oc. The curve cd is 
obtained if the negative force is gradually increased. If the 


Pianoforte Steel Wire. 
Annealed ——____ 
Glass hard... 


Fic. 280.—Hysteresis Curves for Steel Wire. 


negative force is now gradually reduced to zero and then made 
positive the curve dea is obtained. If the complete cycle is 
repeated a curve identical with aécdea is again obtained. 

It will be noticed that a magnetic condition set up in the iron 
tends to persist, ¢.g. the value of B when H is diminishing is 
always greater than when H is increasing. Prof. Ewing has 
applied the term hysteresis (icrepéw, to lag behind) to this 
tendency. 

According to Hopkinson, the quantity 06 measures the 
retentivity of the iron, and oc measures the coercivity ; or, in 
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general, the retentivity is the value of B when H=o, and the 
coercivity is the value of H when B=o. 

The form of the hysteresis curve obtained depends entirely 
upon ¢he absence of mechanical vibration, which tends to destroy 
the retentivity, and results in the partial or complete coincidence 
of the two sides of the hysteresis curve. Zhe form of the curve 
ts very characteristic of the magnetic material under examina- 
tion. Fig. 280 represents the hysteresis curves obtained with 
annealed and glass-hard piano wire. The presence of chromium 
or tungsten, particularly the latter, increases the coercivity to a 
remarkable degree ; tungsten steel is therefore used largely for 
permanent magnets. Madame Curie has recently shown that 
molybdenum is even more effective than tungsten in increasing 
the coercivity. On the other hand, Hadfield’s manganese steel, 
containing 12% manganese, has a permeability of only 1.5 in 
both strong and weak fields ; it is therefore much used where 
magnetisation is to be avoided. Peculiar magnetic properties 
are possessed by Hopkinson’s alloy (3 parts iron, 1 part nickel); 
at ordinary temperatures it is practically non-magnetisable, but 
if cooled below o° C. it becomes as magnetisable as cast iron, 
and retains the property at higher temperatures ; it loses its 


power when heated to 580° C. and does not recover until again 
cooled below o° C. 


Dissipation of Energy.—It can be proved that the energy dissipated 
in unit volume of the iron during a complete hysteresis cycle is 
represented by a times the area enclosed by the B/H curve. 


Consider an iron ring, of length 7 cms., and cross-section s sq. cms., 
wound with a magnetising coil of # turns per unit length. If the 
current changes by an amount az C.G.S. units, the induction will also 
increase by an amount represented by dB. The /ofa/ change in the 
induction will be s.d@B; this creates an opposing E.M.F. in the 
magnetising coil proportional to the /#me-raze of change in the induction, 
z.é. proportional to s. ab 


aE The total opposing E.M.F.=2x/Jxs. - 


The work done by the current in overcoming this E.M.F. is equal to 
, aB : 
é.cdtx nls = nt. ls..aB. 
But 472i =H, and /s is the volume of the ring, 


“. work done per unit volume=—. H. dB. 


qn 
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The product H. dB may be represented graphically as the area of a 
small strip such as xy (Fig. 281), and the sum of all these strips, 


Hy 
, HB, while H increases from 0 to H, is equal to the area OAC. Or, 
the work done per cm.® in passing from O to A=z x area OAC. 
When 4, is reduced to zero the work recovered is represented by 
the area (= x area CAB). Hence 


total work done tn the cycle OAB= (4 x area OAB). 
Tr 


The energy so lost is derived from the magnetising current, and takes 
the form of heat. The number of heat units developed in each c.cm. 


of the metal is calculated by dividing the energy a | H. @B by the 
40 
mechanical equivalent of heat (p. 337). 


Fic. 281. Fic. 282.—Ewing’s Hysteresis Tester. 


Ewing’s Hysteresis Tester. —Fig. 282 represents the principle 
of Ewing’s Hysteresis Tester which is largely used for the rapid 
comparison of the hysteresis in different specimens of iron. A 
bundle A of rectangular strips of the specimen is rapidly rotated 
by the gearing a. A C-shaped permanent magnet B, supported 
on knife-edges at 4 carries a pointer # and a vane V which dips 
into oil and serves to damp the vibrations. On rotating the 
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specimen the magnet is deflected to an extent which depends 
directly upon the amount of hysteresis in the specimen and 
is practically independent of the speed of rotation. Numerical 
values of the hysteresis are obtained by making a similar ob- 
servation with a specimen of a standard material, the hysteresis 
of which is known. 

Ewing’s Magnetic Curve Tracer.—Prof. Ewing has invented 
an instrument (Fig. 283) for rapidly tracing B/H curves by means 
of a spot of light reflected from a small mirror on to a screen. 
The mirror E is pivoted against a needle-point so as to have 
freedom of motion round both a vertical and a horizontal axis. 


Fic. 283.—Ewing’s Magnetic Curve Tracer. 


A horizontal wire connects the back of the mirror to a wire B 
traversed by the magnetising current, and stretched between 
the poles of a constant electro-magnet C. When the mag- 
netising current changes B tends to move across the lines 
of force between the pole-faces and causes a displacement of 
the mirror round a vertical axis. The specimen under examina- 
tion is in the form of rods DD, fitted with a yoke and pole-pieces 
of soft iron; a wire AA is stretched. between the pole-pieces, 
is also connected by a vertical wire to the back of the mirror, 
and carries a constant current. The wire AA is acted upon by 
vertical electro-magnetic forces proportional to the magnetic 
induction passing between the pole-pieces, and causes a move- 
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ment of the mirror about a horizontal axis. Rapid cycles of 
magnetisation are obtained by means of an alternating current 
passing round the magnetising coils and through the wire B. 

Weber's Molecular Theory.—According to this theory each 
molecule of magnetic material is a complete magnet. Before 
the mass is magnetised the molecules are arranged in a hap- 
hazard manner forming more or less complicated groups ; the 
result of magnetisation is to re-arrange the individual molecules 
so that their similar poles point in one direction. It was 
suggested that the gradual increase in the intensity of magnetisa- 
tion is due to a kind of /r2ctional resistance which both impedes 
the magnetisation and also causes the acquired magnetisation 
to be retained more or less completely. 

Several of the fundamental phenomena observed are not 
explained readily by the assumption of a frictional resistance, 
and Prof. Ewing has 
demonstrated completely 


that the constraint to we yi 


attributed to the mutual 
magnetic forces which 
the molecules exert upon 
one another. To con- 


re-arrangement may be / 


Gi) (ii) 


sider one point alone, it Do. SEY 

is necessary that any ie Tpke 
hypothesis should explain pescar Reap wa ose 

the three stages of mag- my —_ 
netisation observed in (iii) (iv) 
Fig. 276. In the first Fic, 284. 


stage there is no retentivity and the susceptibility is small; 
in the second stage the magnetisation is acquired rapidly 
and the retentivity is well marked; in the third stage the 
rate of acquiring magnetisation is again slow. These stages 
can be traced readily if we consider the behaviour of a group 
of four molecular magnets (Fig. 284, i) so arranged that 
they exhibit no external magnetic force. If a weak external 
magnetic field H is now applied the molecules are deflected 
but slightly (Fig. 284, ii); if H is increased gradually a stage is 
reached when the group breaks up and assumes the arrange- 
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ment of Fig. 284, iii; any further increase in H will tend only 
to bring the molecules into more accurate parallelism. When 
H is reduced there will be but slight alteration in the group 
until-the field is so weak that the molecules return suddenly to 
the arrangement in Fig. 284, ii, at which point H is less than 
that necessary to break up the group. In this manner, by 
considering the mutual magnetic forces in molecular groups, it 
evidently is possible to imitate not only the three stages of mag- 
netisation (Fig. 276) but also the preliminary stage of hysteresis. 
Prof. Ewing has observed successfully all the main features of 
the magnetising forces by subjecting a group of small pivoted 
magnets, e.g. compass-needles, to a varying magnetic field 
produced by two coils of wire fixed on opposite sides of the 
group and traversed by an electric current. The magnetisation 
of the group may be observed by means of a magnetometer, 
providing that the direct effect of the coils on the magnetometer 
is neutralised by that of a third coil traversed by the same 
current and fixed in a suitable position.! 

Theory alone can suggest why the molecules of iron have the 
properties of little magnets, and Ampére’s theory, that an 
electric current circulates-round each molecule, is regarded still 
as fundamentally correct. Recent investigation of the discharge 
of electricity through gases affords much evidence in favour of 
the view that each atom of matter includes, and perhaps consists 
of minute corpuscles, or electrons, charged negatively and 
revolving with extreme velocity like satellites in orbits within 
the boundary of the atom; and Prof. Rowland has shown that 
an electrostatic charge moving with high velocity has the same 
magnetic effect as an electric current. 

Effect of Change of Temperature on Permeability.— 
Experiments conducted by Dr. Hopkinson have proved that 
the influence of temperature on the permeability of iron depends 
upon the strength of the magnetising force ; thus, if the mag- 
netising force is small, the permeability is increased largely 
when the temperature is raised; but with strong magnetic forces 
the permeability is diminished when the temperature is raised 


1 For further information on the subject of Magnetic Induction the student is 


reterred to Ewing’s Magnetic Induction in Iron and other Metals (Electrician 
Publishing Co.). 
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‘considerably. Fig. 285 represents the relation between per- 
meability and temperature for three different magnetising forces: 
it is important to notice, when H=o.3, the sudden increase and 
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Fic. 285.—Permeability at different temperatures. 
equally sudden loss. of permeability at a temperature just below 
the critical temperature, 785° C., at which the iron ceases to 
be magnetic. 
THE MAGNETIC CIRCUIT 
Magnetic Reluctance and Reluctivity.—The total flux 
generated in a magnetic substance depends both on the 
magnetising force and also on the dimensions and perme- 
ability of the substance. Thus, consider the simplest case of 
an iron ring of circular cross-section, having a mean length 
2 cms. and cross-section A sq. cms,, round which is wrapped a 
magnetising coil of N turns. If the coil is traversed by a current 
of 7 C.G.S. units, then H=47N 2/7. 
Magnetic flux (1)=Bx A=pHA 


_f.4aN7z.A 
a Z 
47 Nz 
SAIN Se eee atl) 
Bos 
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The following units were agreed upon by the Paris Congress 
of 1900.— 

(i) The Gauss zs the C.G.S. unit of magnetic field, and 

(ii) The Maxwell zs the C.G.S. unit of magnetic flux. 

Equation (1) is quite analogous to the expression for Ohm’s 
Law in voltaic electricity ; thus, the quantity 47Nz, analogous 
to E.M.F., is termed the Magneto-motive Force (M.M.F.); and 


(axes analogous to the total resistance of the circuit, is 
Be 


termed the Magnetic Resistance or Reluctance of the iron circuit. 
It is therefore usual to speak of a magnetic circuit, and we may 
generally say that 
Magneto-motive Force 
Reluctance i 

It must be noted carefully that the M.M.F. is equal to 47Nz 
only when 7 is expressed in C.G.S. units. Hence if I is 
expressed in amperes, 
40 
10 
Also, since M.M.F.=H x /, or H=M.M.F.// 

*, H=1.257 x ampere-turns per cm. length. 

(From this we see that a field of unit strength, ze. one Gauss, 


Flux = 


M.M.F.=-— X NI=1.257 x total ampere-turns. 


is obtained when the ampere-turns per cm. length = —— —=O1G5) 


1.257 


Moreover, the expression ( x *) is comparable to (= x p); 


the expression for the electrical resistance of a wire having a 
specific resistance p. The recibrocal 1 is termed the reluctivity 
Bb 


of the magnetic substance. Hence 


ie Length 
Reluctance = Reluctivity x Cross-Section’ 

Reluctivity may therefore be defined as the magnetic resistance 
offered to magnetic flux between two opposite faces of a unit cube 
of the substance. 

The analogy of equation (1) to that of Ohm’s Law is not 
complete, for the specific resistance of a conductor at a given 
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temperature is independent of the current strength, while the 
value of I/m varies considerably according to the strength of 
the magnetic field. Also, in an electric circuit, the expenditure 
of energy is maintained as long as the current continues, but 
in the case of the magnetic circuit energy is required to create 
the flux but not to maintain it. 

The Magnetic Circuit.—In practical applications of the 
magnetic circuit, we seldom have the simple case in which the 
circuit is iron throughout; it generally includes one or more 
air-gaps, which offer great resistance to the passage of magnetic 
flux. The total reluctance is obtained by adding together the 
reluctances of the separate portions of the circuit. Thus, in 
the case of an anchor ring from which a small section has been 
cut and removed, if 7, and /, are the lengths of the iron and 
air portions of the circuit, and if », and p, are the permeabilities 
of iron and air, then (if I is expressed in amperes), 


4rNI — 1.257xNI 


RUS LL 
104 —+_ 4-4 oat TES oes 
Ap, ApzS Ap,” Apa 


Flux (N)= ashe diwes(2) 


Magnetic Leakage.—Allowance has not been made in equation 
(2) for the /eakage of lines of force from the magnetic circuit. 
This leakage is due to the fact that there are no zzsulators for 
magnetic lines, and is a particularly important factor where the 
circuit includes air-gaps. If a given flux N, is required across 
the air-gap, a greater flux N,, must be generated in the magnet, 
the difference being the quantity of flux lost by leakage. Te 
ratio Nm|N, is termed the coefficient (v) of magnetic leakage ; 


hence 
_ Total Flux generated 


a Useful Flux 


Practical problems on the magnetic circuit consist largely 
in the determination of the ampere-turns necessary to produce 
a given flux in a certain portion of the magnetic circuit. In 
such cases it is best to calculate the ampere-turns required for 
each of the several portions of the circuit, and the ¢o/a/ ampere- 
turns required is given by the sum of the ampere-turns neces- 
sary for each portion. Thus, when a flux Nis required across 
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an air-gap cut in an anchor ring, let 7; =length of iron, 2=lengtk 
of air-gap, A=cross-section of iron or air gap, v=leakage co- 
efficient,.then vN lines must be generated in the iron, and 


: Pe ear : Z 
N,1, required to generate vN lines in the iron=vN x ee 1.247. 


: Z 
N2I,. 9 N _ air-gap=N x q+ 1.257. 
2 
Total ampere-turns (NI) =N,1,+ Nol, 


Nf 2G \ ( 
= ed A A era scee Boeck cece. F 3) 
1.257 Au Apg 


In the example under consideration p,=1, and the value of 
}4, Which depends upon the flux vN, would be obtained from a 
B/H curve of the same material. 


EXAMPLE.—An iron ring, IO cms. mean radius and 5 sq. cms. cross 
section, has an air-gap I cm. wide. The ring is wound uniformly with 
a coil of 900 turns. A field of 10,000 C.G.s. units is required in the air 
gap. If the permeability of the iron is 2000, and if there is no 
appreciable leakage, find the strength of current required. 


Z,= (237 — 1)=61.82 cms., 


44=1 cm., 
N= 10,000, 
4 = 2000, 


N,I, required to generate 10,000 lines in the iron 


— 10,000 61.82 _ 61.82 
~ T.28%  §X 2000 1.257" 


N,I, required to generate 10,000 lines in the air 


__ 10,000. I 2000 


WSSR S512). 
Total ampere-turns (NI) = a 
2061.82 


= 900 x 1.267" 1.82 amperes. 


Electro-magnets.—Fig. 3 represents the principle upon which 
a horse-shoe electro-magnet is constructed. The direction 
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of the current round the limbs of the magnet must be in 
opposite directions, so as to give opposite polarity. The actual 
polarity is determined by the rule stated on p. 253. 

The material and form of an electro-magnet which may be 
desirable depends upon the purpose for which the magnet is 
intended. Jf only required to support a heavy weight, a mini- 
mum reluctance is necessary, and the core should therefore be 
as short as possible. Electro-magnets required Zo exert force 
on the armature, even at considerable distances, should have 
their poles as far apart as possible, which will tend to prevent 
the lines of force from proceeding between the poles without 
also traversing the armature ; also, since the reluctance of the 
air-gaps is so great compared with that of the core, it is not 
necessary to restrict the length of the core. Electro-magnets 
employed in éelegraph instruments or signalling appliances must 
be capable of rapid action; the coercivity must therefore be 
very small, and the core should be of the 
softest wrought iron. Moreover, since the 
self-demagnetising action of short magnets 
is very marked, the cores should be very 
short; but, as the demagnetising action 
would be absent if the circuit were all iron, 
it is usual to prevent actual contact of the 
armature by means of stops, or by facing the 
poles with paper. If an electro-magnet is 
required fo exert maximum traction over a 
short distance, it is important to have the H% Se coiecs 
reluctance low, and the flux as concentrated 
as possible. This is obtained in the iron-clad electro-magnet 
(Fig. 286), in which a bar electro-magnet is surrounded by an 
iron shell connected at one end to the iron core, thus giving 
a central pole surrounded by an annular opposite pole. A 
disc of iron forms a suitable armature. 

The variation of magnetic flux density from the flat end of 
a bar electro-magnet is of considerable interest. The flux- 
density is much greater from the edge than from more central 
portions, which is probably due to the tendency of lines of 
force to take the shortest path through the air towards the 
opposite pole. The effect may be observed by suspending an 
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iron ball from a spring balance, and determining the force neces- 
sary to separate the ball from various points of the surface, 
Also, since iron always tends to move from weaker to stronger 
portions of a field, an iron ball placed on the flat face of an 
electro-magnet will roll towards the outer edge. 

It has been observed that if the surfaces of contact of an 
electro-magnet and its armature are rounded off, the lifting 
power is not diminished, and may even be increased. This 
apparent paradox is due to the fact that the flux, which natur- 
ally tends to restrict itself to the iron, is concentrated into a 
much smaller area, thus increasing the value of B at the surfaces 
of contact ; since the lifting power (p. 390) is equal to B?A/8z, 
a diminution of A is more than balanced by the increased value 
of B*.. For the same reason a bar magnet will exert a greater 
pull on its keeper when the pole faces are slightly rounded 
than when perfectly flat. 

Dimensions of Electro-magnet Coils.—In designing electro- 
magnets it is necessary to calculate the number of ampere- 
turns necessary to impart to the iron a given lifting-power per 
unit area of pole surface. Suppose, for example, we require an 
electro-magnet of uniform cross-section to have a lifting power 
of 5840 gms. per sq. cm. The lifting power per unit area is 
ee by the formula Wg=B?/8r, or B=V8rWg; hence, it 

=5840 gms., then B=12000 C.G.S. units. The value of p, 
heen. to this value of B, must be obtained from a B/H 
curve for the same material. aye from equation (3) (p. 402), 


Le Blin +} {rv We (4) 
~ 1.257 Ap, Ape) 1.2574 yy ar Pip ay. 


EXAMPLE.—An electromagnet is required to exert a pull equal to 
the weight of 20 kilograms upon its armature when distant 0.5 cm. 
from each pole. The length of magnet core (/m) is 40 cms., length of 
armature (/,) is 10 cms., and cross-section of both core and armature is 
5 sq. cms. If the coefficient of leakage is 1.4, determine the required 
number of ampere- -turns. 

(i) If B, is the flux-density through the air gap, ee 


BA 10B,2 
20,000 = es Mets ele 
xX 981 =2 x —— Sr or” 


or, B,=7020. 
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(ii) If B. and B,, are the flux-densities throughout the armature and 
the magnet respectively; since Ba=B,=7020, then 
By = 7020 x 1.4=9828. 
From the B/H curve for wrought iron, p. 390, Ha=2510, and 
-Hm=2000. The ares for the magnetic circuit is 


la 
— —_— 
aii ae im” ed Ha 
7020 {1.4 x 40 
or, NI= feet +1 2) 5763 ampere-turns. 
SUMMARY 


Magnetic Induction.—The magnetic induction B in a piece of 
magnetic material is related to the zwtensity of magnetisation I and to 
the zntensity of the field H by the equation B=471 +H. 

The permeability » of the material is defined as the ratio of B to H, or 


»=B/H. 

The susceptibility x of the material is defined as the ratio of I to H, or 
k= 1/8. 

Hence w=14+ 47k. 


The permeability of air is regarded usually as equal to unity. 

Measurement of Permeability.—(i) In the magnetometer method the 
pole-strength acquired by the iron is observed by means of a magneto- 
meter. (ii) In the da//istic method the current generated in a secondary 
coil surrounding the magnetising coil is measured by the throw of a 
ballistic galvanometer. (iii) In the ¢vaction method the induction B is 
calculated from the force required to separate two plane surfaces of the 
same material when magnetised to the same degree. 

Curves of Magnetisation.—As the intensity of the magnetising force 
increases, the magnitude of the magnetic induction at first increases 
gradually ; it then increases very rapidly even for small increments in H, 
and finally increases very slowly and tends to assume a maximum value. 
In this last stage the iron is approximately saturated. If now H is 
diminished gradually, the iron still indicates the effects of the previously 
stronger field ; in fact the magnetic induction ‘lags behind’ the changing 
magnetising force, and gives rise to the phenomenon of hysteresis. 

The retentivity of the material is measured by the residual induction 
when H is reduced to zero, and the coercivity is measured by the strength 
of the reversed force necessary to reduce the induction to zero. 

If the field His altered gradually through a complete cycle of changes, 
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and if corresponding values of B and of H are plotted on squared paper, 
a hysteresis curve is obtained, which is characteristic of the material, 
The area of the curve is a measure of the energy dissipated in unit 
volume of the material during a complete cycle of changes. 

Theory of Magnetisation.—Ewing’s modification of Weber’s theory 
explains all the phenomena of a magnetisation cycle and of hysteresis 
by a consideration of the mutual magnetic forces which the molecules 
exert upon one another. 


THE MaGNETIC CIRCUIT 


The magnetic flux (N) through a ring-shaped material of permeability 
4, cross-section A, and length 7, when magnetised by a coil of N turns 
and traversed by a current of z C.G.S, units, is expressed by the equation 


karat 51 i So oe 
N=4mNi/(5 2 ). 


The quantity 47Nz is termed the magneto-motive force, and //A. w 
is the magnetic resistance or reluctance. The reciprocal 1/u is termed 
the reluctivity. 

In a compound circuit, consisting partly of iron and partly of other 
material, the above equation becomes 


Z l. 
N= mnt /10( + 2 ), 
n) Au,’ Ap, 
where I is expressed in amperes. 


Electro-magnets.—The dimensions of an electro-magnet may be 


calculated from the properties of the material by means of the principle 
of the magnetic circuit. 


QUESTIONS ON CHAPTER XXI 


1, .A ring of iron is uniformly wound with insulated copper wire, so 
that the annuiar core can be magnetised by means of an electric 
current. State how the resulting magnetisation can be calculated. 
‘Describe how it can be experimentally measured. 

2. What is meant by the ‘magnetic permeability’ of a substance, 
and how can it be measured? Describe how the permeability of a piece 
of soft iron varies with the intensity of the magnetising force. 

3. Describe the general construction of an electromagnet. Why is 
the copper wire insulated, and how? If an electromagnet is required 
to produce an effect at some distance from its poles should its core (of 
given length) be straight or curved to a horse-shoe form ? 
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4. A magnet, dimensions (10 x I x 0.5) cms., has a magnetic moment 
of 1200 C.G.s. units. Determine the intensity of magnetisation and 
the pole strength. 

5. A straight piece of soft iron wire, 50 cms. long and o.1 cm. 
radius, is placed horizontally in the magnetic meridian (H=o0.18). If 
the susceptibility is 30, find the intensity of magnetisation of the iron, 
and also its magnetic moment. 

6. A bar of iron is magnetised to an intensity 500 when placed in a 
magnetic field of intensity 50 C.G.s. units. Determine the susceptibility, 
and also the flux density at the pole face. 

7. It is found that a force equal to the weight of 5 kilograms is 
required to separate two bars, the faced ends of which are touching 
and surrounded by a magnetising coil. If the cross-section of each bar 
is § sq. cms., determine the magnetic induction per sq. cm. through the 
joint. 

8. You have to make a long coil of wire such that when 10 amperes 
flow through it the magnetic field at the centre shall be 1000 times as 
strong as the earth’s horizontal field (H=o0.18). How many turns per 
cm. length must be put on the coil ? 

g. Determine the intensity of the magnetic field at the centre ot a 
solenoid 40 cms.-long, containing 1600 turns, and traversed by a current 
of 0.3 amperes. How many lines of force per sq. cm. will there be at 
the centre of the solenoid ? 

to. An iron rod-1metre long and I sq. cm. cross-section is surrounded 
by a solenoid of 850 turns. If the permeability is 700, find the magnetic 
flux through the iron when a current of I.5 amperes traverses the 
solenoid. 

11. A rod of annealed wrought iron, 0.4 cm. in diameter and 1 metre 
long, is wound uniformly with 500 turns of insulated wire. Find (from 
the data on p. 392) what strength of poles the rod will acquire when 
the coil is traversed by a current of 1.63 amperes. 

12. A closed soft iron ring, 100 cms. mean circumference and 
5 sq. cms. cross- section, is wound uniformly with 200 turns of insulated 
wire. Supposing that you have found the following relations to exist 
in iron of this quality, 

B,) -10;200 12,000 13,700 

Hy - 2,000 1,500 1,000, 
calculate the current, in amperes, at which the total flux of magnetic 
lines is 65,000 

13. With the same specimen of iron as in Question 12, determine 
the magnetic reluctance of the core of a transformer, 80 cms. long and 
20 sq. cms. cross-section, when the flux is (i) 10,200, (ii) 12,000, and 
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(iii) 13,700. Determine the number of ampere-turns required to 
produce each of these flux-densities. 

14. An iron ring, 20 cms. mean diameter and I0 sq. cms. cross- 
section, is magnetised by a coil of 500 turns traversed by a current of 
8 amperes. If the permeability is 600, determine the magneto-motive 
force of the coil, the reluctance of the ring, the total magnetic flux, and 
the magnetic induction. 

Determine the reluctance and the total magnetic flux if an air-gap 
Io mms. wide is made in the above ring. 

15. A watch has had its rate spoiled by being brought near a 
dynamo. It is hung by a piece of string between the poles of a large 
steel magnet and made to spin round. While spinning it is slowly 
removed from the magnet and then is found to be nearly cured. How 
is this explained ? 

16. Show how it is possible to have a rod of soft iron magnetised to 
different intensities at different times, though under the influence of the 
same magnetising force. Explain this result. 

17. In what respects do the magnetic properties of iron and steel 
differ? Define the terms intensity of magnetisation (I), induction (B), 
and magnetic force (H). 

How do you obtain the relation B=H + 4rI, either theoretically or 
experimentally ? 

18. Explain what is meant by residual magnetism, coercive force, 
permeability. 

Draw a curve showing the manner in which the magnetism induced 
in a soft iron rod varies as the magnetising field is taken through a 
cycle, and state in a general way how from this diagram you would 
obtain the residual magnetism, coercive force and permeability of the 
iron. 

19. What is meant by magnetic permeability? Describe and discuss 
any method for determining it. 


CHAPTER XXII 
ELECTROMAGNETIC INDUCTION 


Faraday’s Experiments.—We have seen already that a 
magnetic field is set up in the space surrounding a wire 
conveying a current. If the current and magnetic field are 
connected indissolubly we might anticipate that the creation of 
a magnetic field round a closed circuit will cause a current to 
traverse the circuit. Faraday, in 1831, showed that whenever 
a circuit is moved in a magnetic field in such a manner as to 
vary the number of lines of force passing through the circuit, 
then an E.M.F. is set up proportional to the rate of change 
of the lines of force traversing it and continuing so long as 
the change continues. The following statement is known as 
Faraday’s Law:—When the number of lines of force through a 
circuit is changing, an in- 
duced E.M.F. is set up, 


and the magnitude of the a 
E.M.F. is proportional to 

the rate at which the Beaondan 
number of lines of force 
changes. 

Fig. 287 represents 
Faraday’s initial experi- 
ment. AB and CD are 
two parallel wires, the 
former joined to a bat- 
tery and key, the latter to a galvanometer. AB is termed the 


primary, and CD the secondary circuit. On closing the primary 
H.M. ) 


Fic. 287.—Faraday’s Initial Experiment. 
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circuit a momentary current is observed in CD, and its direction 
is opposite to that in. AB. On breaking the primary circuit a 
momentary current, in the same direction as that in AB, is 
observed in CD. \ 

Faraday applied the term Induced Currents to currents. gener- 
ated in this manner. He also observed that (i) an inverse 
induced current is obtained when the primary current begins, or 
when it increases, or when it is brought nearer to the secondary 
circuit; and (ii) a 
direct induced cur- 
rent isobtained when 
the primary current 
ceases, or diminishes, 
or is removed to 
a greater distance. 
All of these effects 
can be observed 
more readily if coils 
of wire (Fig. 288) 
@ are used instead of 
ig straight wires. The 
effects are also more 
marked ifa soft iron 
core is inserted in 
the primary coil. 
Since the magnetic field due.to a current traversing a coil is 
similar to that of a bar magnet it follows that identical results 
are obtained if a bar magnet is used instead of a primary coil. 


ExPT. 77 (i).—Observe which terminal of the galvanometer must be 
positive in order to give a deflection to the right. Place the primary 
coil (Fig. 288) inside the secondary, and at some distance from the 
galvanometer. Close the primary circuit and observe the direction of 
deflection. Note how-the needle comes back to zero, and is deflected 
in the opposite direction when the primary circuit is broken. Verify 
that the induced currents are zwverse_and direct respectively. 

Repeat the observations with an iron core inserted in the primary. 

(ii) Remove the primary coil to a distance, and close its circuit. 
Move it quickly towards the secondary, and (when the needle is again 
at rest) remove it to.a distance. Verify the inverse and direct currents. 

(iii) Insert. the primary coil into the secondary, and include a resistance 


Fic. 288. 


LENZ’S LAW’ a 


box in the primary circuit, so as to vary the primary current. Verify 
that an increase or diminution of the primary current induces an inverse 
or direct current in the secondary. 

(iv) Repeat Expt. ii, using a bar-magnet instead of the primary coil. 
Verify that v.hen a xorth-seeking pole is brought towards the secondary 
coil the induced current is such that the near end of the coil acquires 
north-seeking polarity ; also that when the same pole is withdrawn the 
polarity of the same end of the coil is south-seeking. 


Telegraphy by Electro-magnetic Induction.—The more important 
attempts to apply electro-magnetic induction to telegraphy were made 
by Sir William Preece in 1885 and following years. An experiment 
was conducted with parallel telegraph wires, about 10 miles apart, 
between Durham and Darlington; it was found that audible sounds 
could be produced in a telephone included in one circuit by the 
ordinary telegraphic currents transmitted in the other. In a later 
experiment signals were transmitted between the sea-coast near 
Cardiff and an island about 3 miles distant. A wire, over 1200 yards 
long, supported on insulators and earthed at both ends was connected 
in series with an alternator and a key ; and a guttapercha covered wire, 
600 yards long, was laid on the island, its ends also being earth- 
connected. A telephone included in the latter circuit was readily 
sensitive to the currents transmitted along the wire on the mainland. 


‘Lenz’s Law.—Energy is required in order to generate the 
induced currents observed in the preceding experiments. Since 
there is no source of energy in the secondary coil, the energy 
represented by the induced currents must be due to some 
external agency ; in fact, in Expt. 77, (ii) and (iv), it originates 
from the mechanical work done in overcoming the mutual forces 
of attraction or repulsion which exist between the currents in 
the two circuits. Thus, if the circuits are approaching, the direc- 
tion of the induced current is such that it exerts a repulsion and 
impedes the movement: also, if the circuits are receding, the 
induced current is such as to cause attraction. A general state- 
ment of this result is known as Lenzz’s Law, which may be stated ° 
thus: The induced current is in such a direction that its reaction 
tends to stop the motion or change to which the induced current 
is due, 

General Principles.—Let AB (Fig. 289) represent a metal 
rod ‘sliding on horizontal parallel rails, connected to a battery 
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and placed in a uniform vertical magnetic field of intensity H. 
By applying Fleming’s Rule (p. 262) we see that AB will tend 
to move in the direction of the force F; and since the 
work done by the force is 
equal to the product of the 
current and the number dN 
of lines of force cut by the 
rod (p. 265), then 

5 Work done= 7x dN. 


But the energy required to 
do this work must be derived from the battery circuit ; and we 
may apply to this case the principle explained on p. 351, 
according to which the total energy taken from the battery 
during a period of time df is equal to the energy spent in 


generating heat and in doing any other work in the circuit. 
Hence 


Fic. 2809. 
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But, by Ohm’s Law, 7R is equal to the sum of the E.M.F. due 
to the battery and that which necessarily arises from the bar 
cutting lines of force. If e represents the latter, then ZR=E +¢. 


an 
Hence ais hoes 
N 3 
or é= ae; 2 c.G.S. units. 


The induced E.M.F, is therefore equal to the rate at which lines of 
force are cut by the bar. The negative sign indicates that the 
direction of the induced F.M.F. is such that it opposes the change 
in flux to which the E.M.F. is due. 


If the length of the bar is 7 cms., and its velocity is v cms. 
per sec., then 


aN P 
e=—— = -lvH cas. ; 
a ZvH C.G.S. units 


By referring to Fig. 289 it is evident that an increase in the 
magnetic flux through the circuit induces a current which tends 
to create a flux in the opposite direction to that which causes the 
induced current. Also Fig. 290 (i) represents a north-seeking 
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pole approaching a single turn of wire, the number of lines of 
force through the coil is being thereby increased ; the induced 
current will generate lines of force in the offosite direction thus 


L, Coil approaching. IT. Cott receding. 
Fic. 290. 


tending to neutralise the increase due to the magnet. The same 
reasoning applies to Fig. 290, (ii), which represents a magnet-pole 
receding from the coil. By considering these and any similar 
cases we obtain the following rule: When the number of lines 
of force passing through 


a circuit is increased or Se 
diminished the induced = 


current will be in that 
direction which tends to 
keep the number of lines 
of force constant. 

The direction of the 
induced current may 
also be deduced by 
means of Fleming’s 
Right-hand Rule (Fig. 
291): Hold the thumb 
and first finger of the 
right hand as fully ex- 
tended as possible and 
bend the second finger at right angles to the palm. If the first 
finger represents the direction of the lines of force, and the thumb 
that of the motion, then the second finger will point in the 


direction of the induced current. 


BRENT CY 
cunnENT 


Fic. 291. 
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If ‘the circuit through which the flux is changing consists of 
two complete turns, the same E.M.F. is induced in each turn, 
and the total E.M.F. between the extreme ends will be twice as 
great as that generated in a single turn. If the circuit consists 
of z turns, the total E.M.F. is 7 times as great as that induced in 
a single turn. 

The absolute units of EM.F.—If, in the equation e=-H/v 
(p. 412), the length and the velocity of the moving rod, and the 
field intensity, are each equal to unity, then e=—1, and the 
E.M.F. set up in the bar is I C.G.S. unit. 

As mentioned on p. 293, this unit is too small for practical 
purposes, and.a unit equal to 10% C.G.S. units is generally 
adopted. This practical unit is termed the volt. 


EXAMPLES.—(i) A railway carriage is travelling at the rate of 40 miles 
an hour. If the axle is 4 ft. 84 ins. long, and the vertical intensity of 
the earth’s field is 0.44, find the E.M.F. between the wheels at opposite 
ends of an axle. 


v=(} x 88) feet. per sec. = 145 x 30.48 cms. per sec. 
2=56.5 X 2.54 cms. 
HI=0. 44. 


Number of lines cut per second= H/y 


=0.44 x (56.5 x 2.54) x (2Z& x 30.48) 
= 112900; 


’. E.M.F. =112900 C.G.S. units =0.001129 volt. 


(ii) A single north-seeking pole, of strength 250, is situated 20 cms. 
from the centre of a single ring of wire and on a line drawn perpen- 
dicularly to its plane (Fig. 292). 
Find the average current generated 
in the wire when the pole is re- 
moved in 1 second to a distance 
of 200 cms. from the ring (radius 
FX 6[ ~__ of wire ring 

es Rigtines = 40 cms., resistance = 10-8 ohm). 
The solid angle (p. 582) sub- 
tended by the ring is 27(1-—cos@), and the number of lines of force 
passing through the ring is 24#(1 —cos @), where m is the pole-strength. 
In the final position, the number of lines enclosed is 24m(1—cos 6’). 


<---~40----—> 
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Since the change takes place in 1 second, the average rate of change 
of the number of enclosed lines is 2472(cos 6’ — cos @). 


2mm (cos 0’ —cos 6) a 


The average E.M.F. = olt. 
108 
27m (cos 6’ — cos 6) 
current = ———________———* a : 
39 ” 108 x Io-3 mpere 


But cos ’=0.9804, cos @=0.4474, and m=250. 
Hence average current =0.00853 ampere. 


Faraday’s Disc.—Faraday’s disc was the first machine con- 
structed to produce a steady current by the rotation of a 
conductor in a magnetic 
field. A copper disc 
(Fig. 293) is rotated be- 
tween the poles of a 
horse-shoe magnet, and 
metal spring's which touch 
the axle and circumfer- 
ence cf the disc are con- 
nected to a galvanometer. 
When the disc is rotating 
the radius connecting the 
springs may be regarded as a conductor moving rapidly across 
a magnetic field, and an E.M.F. is set up along the radius. 
The direction of the induced E.M.F. may be deduced by applying 
Fleming’s Rule. Assuming that the magnetic field is uniform, 
the magnitude of the E.M.F. is calculated in the following manner: 
If 2=revolutions per sec., ~=radius of disc, H=intensity of 
field, then 


the area traced out by any radius=z77* sq. cms. per sec., 
lines of force cut per sec. = Ha7?”. 
E.M.F. = Hazr*/108 volt. 


Fic. 293. —Faraday’s Disc. 


In this case we have an application of Lenz’s Law. By 
Fleming’s Left-hand Rule (p. 262) a current traversing the disc 
from axle to rim, as in Fig. 293, will tend to make the disc 
rotate in the opposite direction and thus to oppose the actual 
motion of the disc (cf. Barlow's Wheel, p. 265). 

Foucault Currents.—Arago observed that if a copper disc 
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(Fig. 294), mounted horizontally and immediately below a 
pivoted magnet, is rapidly rotated, the magnet is deflected in 
the direction of the disc’s motion, 
and that the deflection increases 
with the speed of the disc. This 
effect is due to the induced currents 
set up in the disc; the portion 
immediately underneath the N.- 
seeking pole will, by Fleming’s 
Rule, carry an induced current pro- 
ceeding from rim to axle; the 
current induced in the portion 
Kiateor. under the S.-seeking pole will be 
from axle to rim. These are equi- 
valent to a current passing along a diameter (from left to 
right in Fig. 294) which will deflect the magnet in the direction 
of the disc’s motion. The circuit of these induced currents 
will be completed along the circumference of the disc, thus 
constituting a magnetic shell of N.-seeking polarity in one 
half of the disc, and of S.-seeking polarity in the other half. 
The movement of the magnet may then be explained by the 
mutual forces of attraction and repulsion between these shells 
and the poles of the magnet. Moreover, the polarity of the 
shells may be determined by applying Lenz’s law. Currents 
thus set up in solid conductors are sometimes called Foucault 
currents, 

The energy represented by these induced currents is dissipated 
in the form of heat. The temperature of a metal plate is raised 
considerably when rotated rapidly between the poles of a 
strong electro-magnet. Also, the mechanical energy required 
to rotate the disc is far greater when the electro-magnet is 
excited than when the magnet is inactive ; the difference in the 
energy required is represented by the heat developed in the 
disc. 

This principle is applied in some dead-beat types of galvano- 
meter by suspending the magnet in a solid metal chamber. 
The swinging magnet creates Foucault currents in the sur- 
rounding metal; such currents impede the movement of the 
magnet, and soon bring it to rest. 
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Self-Induction.—Faraday showed that when a current is 
established in a circuit the change in the magnetic field sets up 
in the same circuit induced currents which are superposed upon 
the principal current. By Lenz’s law, the induced currents 
thus set up will tend to weaken an increasing current and to 
strengthen one which is diminishing. This phenomenon is 
termed self-induction. Owing to this effect, a current does not 
immediately assume its maximum value as soon as the circuit 
is closed; also, the momentary tendency of the current to 
continue, when the circuit is broken, 
is represented by the spark which 
appears at the point where the cir- 
cuit is opened. 

Faraday observed the effect in 
the following manner: The coil AB 
(Fig. 295) is connected to the gal- 
vanometer G and battery as shown 
in the illustration. If the needle is 
deflected into the position ad when 
‘the current is established, and is 
retained in that position by means 
of a stop, then on breaking and 
again closing the circuit the needle is deflected momentarily 
beyond aé: this is due to self-induction delaying the estab- 
Jishment of the current in AB, thus momentarily increasing 
the fraction of the total current which traverses G. Again, if 
the needle is held in its normal position cd by means of a 
stop, a deflection in the opposite direction is observed when 
the battery circuit is broken: in this case, the extra current 
in AB is in the same direction as the principal current, and 
proceeds through G from right to left. 

Coefficient of Self-Induction (or Self-Inductance).—The total number 
of lines of force passing through any circuit and due entirely to 
one C.G.S. unit current traversing the circuit is termed the Co- 
efficient of Self-Induction (or the Self-Inductance) of the circuit. 

Thus, if N is the number of lines of force linked with any 
circuit, of inductance L and conveying a current z C.G.S. units, 


then 


Fic. 295. 


N=L7 
H.M. 02 
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The induced E.M.F., due to a change in the flux through the 
circuit, is equal to —@N/d¢. Hence 


e= —dN/dt=—L. dildt. 


The direction of the induced E.M.F. depends upon whether 
the current is increasing or decreasing. If d@/d¢ is positive, 
as when the circuit is first closed, e will then be negative. This 
explains the delay in the current assuming its maximum or Ohm 
law value. If di/dt is negative, as when the’ circuit is broken, 
then ¢ is positive, and gives rise to the extra current described 
on p. 417. 

In general, it may be stated that the effect of self-induction is 
to oppose any change in the current traversing the circuit ; and 
its resemblance to the inertia properties of matter is so marked 
that it may be termed electro-magnetic inertia. 


This inertia effect is demonstrated clearly in the discharge of a 
Leyden jar through a single'turn of 
wire (Fig. 296), two portions of which 
are about I mm. apart ; the discharge 
may traverse either the wire circuit 
or the short air-gap, which constitutes 
an alternative path. Although the 
resistance of the wire is small, the 
sudden application of a high P.D. 
generates an induced E.M.F. in the 
wire in the opposite direction, and a 
portion of the discharge finds it easier 


to traverse the air gap, although it 
has a far higher ohmic resistance than the wire. 


The practical unit of inductance. is termed the henry; and 
a circuit has an inductance of one henry if a current of one 
ampere generates a flux of 108 lines of force through the circuit. 
Or, as is evident from the equation e= — L.di/dt, we may say 
that the induction of a circuit is equal to one henry if an op- 
posing E.M.F. of one volt is set up when the current in the circuit 
varies at the rate of one ampere per second! Hence, 
9 I volt __ 108 C.G.S. units 
I amp. per sec. 107) C.G.S. units 


‘Ir R is the resistance of the circuit in ohms, the ratio L/R is termed the Zime- 
constant (p. 431). 


I henry = =To° G.G.S. units) 
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The flux through a solenoid of length 7 and with ~ turns per 
unit length, when traversed by the C.G.s. unit of current is 477 
per sq. cm. (p.\259) ; if the cross-section is A sq. cms., the total 
flux is 477A. But each turn of the solenoid embraces this 
number of lines of force, hence the zzductance is 


47nA x nl=4r7°/A C.G.S. units. 
_ Ifa bar of iron, of cross-section A’, length /, and permeability 
py is inserted in the coil, the total flux.due to unit current is 
4mn(A—A’)+4rn. pA’ =47n(A—A'+pA) ; 
hence the inductance is 
4mn7l(A — A’+pA’). 


EXAMPLE.—Calculate the inductance of a coil of 100 turns of wire 
wound on an iron ring of 20 cms. mean diameter and I0 sq. cms. cross- 
section, the permeability of the iron being 700. 

If N=total number of turns, and y=mean radius. of the ring, then 

N? N? 


= 2 =" _ 
La4rnJAu=4r Ez: lAu=4m 7 Ap 


2% 10* * ‘ 
=—— x 10 X 700= 14 x 10° C.G.s. units=0-014 henry. 


- Mutual Induction.—The Coefficient of Mutual Induction of 
two coils may be defined as the total magnetic flux which passes 
through one of the coils when the other is traversed by the C.G.S. 
unit of current. As in self-induction, the practical unit is the 
henry, and is equivalent to a flux of 1o® lines through the 
circuit. 

The mutual induction is constant for any pair of coils in 
any given position, whatever may be the strength of the current, 
providing that no iron is within or near the coils. But, in the 
presence of iron, the flux is by no means proportional to the 
current, owing to variation of the permeability of iron. 

. Suppose two co-axial solenoids of wire. If the inner one, 
which we may call the primary, has length /, cross-section A, 
m turns per cm., and is traversed by a current z C.G.S. units, 
the flux through the primary is qmm7A. If the outer or 
secondary coil consists of 7, turns in all, each turn is traversed 
by the above flux, and the total flux through the secondary is 
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4rnn,zA. But, by definition, the total flux is Mz, where M is 
the coefficient of mutual induction. Hence, 
| M=4rnn,A=47rnn,A/10° henries. 
Since the E.M.F. induced in the secondary is proportional to 
the rate of change of the flux through the primary, 


e= —d(Mi)/dt= —M . aildt. 


(If M and C are expressed in C.G.S. units, then e will also be 
in the same units. But if M and 7 are expressed in henries 
and amperes then e will be in volts.) 

As shown on p. 419, if a bar of iron, cross-section A’ and 
permeability 2, is inserted in the primary coil, the total flux is 
4rni(A—A’+pA’), and 

M=477m,(A+ pA’— A’). 

The two coils of an induction coil giving a 10-inch spark 

have a coefficient of mutual inductance of about 5 henries. 


EXAMPLE. —If in an induction coil the value of M is 5 henries, and 
a current of 10 amperes is entirely cut off in a period of gpg sec. 


what is the E.M.F. at the terminals of the secondary coil ? 
e= -M.dildt= — 5 x 10/3900 = — 250,000 volts. 


Measurement of Self-Inductance and Mutual-Inductance. 
—(i) SELF-INDUCTANCE.—If the resistances of the branches 
of a Wheatstone bridge are adjusted so that there is no de- 
flection when the system is traversed by a steady current, a 
momentary deflection will still be observed when the circuit is 
closed or broken, if one of the resistances has appreciable self- 
inductance. Thus, if L is the self-inductance of the arm X 
(Fig. 225) of the bridge, and if z is the current traversing it, 
the reverse E.M.F. set up during the growth of the current is 
equal to —L.di/dt (p. 418). But any electromotive force E 
which may be set up in X will cause a current 4E to traverse 
the galvanometer, where £ is a constant depending on the 
resistances of the galvanometer and of the arms of the bridge. 
Hence the E.M.F. due to self-induction will cause a current 
kL.dil/dt to traverse the galvanometer., If the current sud- 
denly grows from zero -to 7, the total quantity of electricity 
sent through the galvanometer is £Li, and this quantity is 
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measured by the throw of the galvanometer (if the instrument 
is ballistic) ; hence (p. 282) 


The quantities £ and z are eliminated from this equation by 
the following method: If a small resistance ~ is inserted in the 
arm X, it will have the same effect as introducing a reverse 
E.M.F. equal to 77, since the addition of a small resistance will 
not alter the current to an appreciable degree ; and the steady 
current which will now traverse the galvanometer is 477. If 
the steady deflection of the galvanometer thus caused is equal 
to a, then 


(il) MUTUAL INDUCTANCE—Let A and B (Fig. 297) represent 
the two coils of which the mutual inductance is to be measured. 
The coil A is con- 
nected to a battery, R 
and B to a ballistic B 
galvanometer. If z 
is the steady current 
established through baa ey 
A, the total mag- | 
netic flux through 
B will be Mé; and, face 
if R is the resistance of the circuit through B, the quantity of 
electricity generated in the circuit is given by the equation 


atl ee ce 

RG ere 3) 
The following method! of eliminating the ratio H/G and z 
may be used: Break the A circuit and connect the ends to two 


points on the B circuit separated by a resistance s, which is 


1J. J. Thomson’s Elements of Magnetism and Electricity (Camb. Univ. Press), 
P. 445 
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small’-in ‘comparison with the resistance R.' The current 
through A is not appreciably altered, and the steady current 
passing through the galvanometer will be 


eee 
R+s 

Ifa is the steady deflection produced; then 
S H 


[>< ——-».== —. tan a. 
Ras -G 


ime 
Ty astecuns ica 


aw R+s tana 


The Ruhmkorff Induction Coil.—The principle of mutual 
induction between two circuits is applied in the Ruhmkorff 
coil to transform a /ow P.D. between the terminals of a primary 
coil into a Aigh P.D. between those of.a secondary coil. In any 
induction coil it is essential that 

(i) the flux through the primary coil shall be as eat as 
possible ; 

(ii) the secondary coil shall consist of as many turns ot 
wire as possible ; and } 

(iii) the primary circuit shall be rapidly made and broken. 

Fig. 298 represents the details of a modern Ruhmkorff coil. 
The current enters the primary coil PP’ through the terminals 
at T. The primary coil consists of two or three layers of 
closely wound thick copper wire, and contains a core DD’ of 
soft iron wire—iron wire is used in preference to solid iron, so 
as to minimise the induced Foucault currents in the core. 
The secondary coil SS’, of very thin wire, is wound on an 
ebonite tube, with ebonite flanges at the ends; the length of 
wire in SS’ depends upon the length of spark required—usually 
about 1 mile is required for each inch length of spark. Owing 
to the high P.D. generated in the secondary, the proper insu- 
lation of each layer of wire is perhaps the most important 
point in the construction of the coil. It is necessary to keep 
well apart those portions of the coil between which there is 
considerable P.D., otherwise the insulation may break down. The 
diagram shows how the coil may be wound in separate sections, 
separated from each other by ebonite discs, thus avoiding any 
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high P.D. between contiguous layers. The Apps contact-breaker 
consists of an iron hammer H carried by a brass spring S, and 
provided with a platinum contact piece Z. In line with H is 
an adjustable screw B, with platinum contact #’, carried by a 
stout brass pillar A. The screw U enables an adjustment of 
the free movement of the hammer, and is serviceable in modi- 
fying the character of the spark. 


Fic. 298.—The Construction of a Ruhmkorff Coil. 


The coil is started by screwing in B until f and # are nearly 
in contact, then, by means of screw U, the hammer is drawn 
back until # and #’ touch. The primary circuit is now closed, 
the iron core becomes magnetised, attracts the hammer, and 
breaks the circuit. The consequent removal of magnetic flux 
induces a high E.M.F. in the secondary in the same direction. 
The core having now lost its magnetisation, the hammer 
returns and again completes the primary circuit, thus creating 
an induced E.M.F. in the opposite direction in the secondary. 
This process is continued automatically by the movement of 
the hammer. 

The self-inductance in the primary circuit creates a direct 
induced E.M.F. in PP’ when the circuit is broken; this is 
sufficiently great to cause an arc between the platinum contacts, 
and thus retards the cessation of the current. So also the 
induced E.M.F. on completing the circuit retards the growth of 
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the current. In both cases the P.D. induced in the secondary is 
less than it would be if self-induction in the primary were 
absent. Moreover, the spark between the contacts rapidly 
burns away the platinum. This effect is minimised by con- 
necting a condenser CC’, consisting of tinfoil sheets separated 
by paraffined paper, in parallel with the spark gap. 

The action of the condenser is as follows: On breaking the 
circuit, the high E.M.F. due to self-inductance is distributed 
mainly along the spark gap (which is then the point of highest 
resistance in the primary circuit), and the same potential differ- 
ence is imparted to the coats of the condenser, which absorbs 
most of the energy which would have been spent in the trans- 
mission of the spark. The charge in the condenser then 
rebounds and traverses the primary coil in the opposite direc- 
tion, which is equivalent to the removal of a certain number 
of lines of force and thetr re-insertion in the opposite direction ; 
thus, the E.M.F. induced in the secondary is much greater than 
if the condenser were not there. On the other hand, the con- 
denser does not influence the magnitude of the induced E.M.F. 
on ‘making’ the primary circuit. Hence, except when the 
spark-discharge is short, a secondary spark is only obtained 
when the primary circuit is ‘broken’: in which case the 
secondary discharge is a# intermittent current in one direction 
only, and not an alternating discharge. 

The Wehnelt Electrolytic Interruptor.—The frequency of the inter- 
ruptions in the primary of an induction coil is far greater when the 
Wehnelt interruptor is used instead of the ordinary hammer break. It 
was introduced by Dr. Wehnelt, of Charlottenberg, in 1899, and consists 
of a glass vessel which is filled with dilute sulphuric acid (one part of 
acid to five of water) and contains two electrodes, of which one is a 
large lead plate and the other is the extreme end of a thin platinum 
wire projecting from the end of a glass tube. The cell is included in 
the primary circuit, so that the lead plate forms the kathode (p. 454), 
and the condenser and hammer-break are removed from the circuit. If 
a voltage lower than 20 volts is applied to the primary circuit, ordinary 
electrolysis proceeds within the cell and no discharge is obtained from 
the secondary circuit; but if the voltage is increased to 25 volts or 
more the current becomes intermittent, and a2 torrent of dense sparks is 
obtained from the secondary. The frequency of the interruptions in- 
creases if the voltage is increased, but the interruptions cease if the 
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voltage is increased beyond 100 or 120 volts. The cell does not act 
unless the circuit has self-induction, but as a rule the primary of 
an ordinary coil has sufficient for the 
purpose. Although the length of spark is 
not increased by using the interruptor, 
yet a torrent of sparks is obtained having 
a density in marked contrast to that ob- 
served with a hammer-break. The theory 
of the action of the cell is not yet clearly 
understood. 


The Earth Inductor.—The earth- 
inductor (Fig. 299) is a circular or 
rectangular conductor, consisting of 
one or more turns of insulated wire, 
mounted on an axle so that it can be 
rotated through any given angle. Any 
induced currents set up in the circuit 
may be conveyed to a galvanometer 
by means of metal brushes in contact 
with ring terminals mounted on one of the axles and joined to 
the ends of the conductor. 


If |A=area of an inductor, of a single turn of wire, 
F=intensity of a uniform magnetic field, 
R=total resistance (C.G.S. units), 


then, if the plane of the coil is initially perpendicular to the 
lines of force, z.e. in the position marked o°, and is rotated 
rapidly through 90’, an induced current is set up in the direction 
ACB. The number of lines of force cut by the inductor is AF, 
and the guantity of electricity set in motion is AF/R C.G.S. units. 
If rotated from 90° to 180°, the number of lines through the 
inductor increases from zero to AF, and the induced current 
will be in the same direction as before. The total quantity of 
electricity set in motion while the inductor is rotated from o° 


to 180° is 


Fic. 299.— The Earth Inductor. 


The same quantity will be set in motion when the inductor is 
rotated from 180° through 270° to o°, but its direction will be 
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opposite to that previously obtained. The quantity of electricity 
may be determined by means of a ballistic galvanometer (p. 281). 
Weber used the earth inductor in order to determine the 
magnetic dip. If the inductor is rotated round a vertical 
axis in the earth’s field through 180° as described above, then, 
if H is the horizontal intensity of the earth’s field 
2AH 
eae’ 
If the inductor is rotated similarly round a horizontal axis, 
only the earth’s vertical component V is now effective, and 


ZAN 
92> R P 
Go V 
Hence =2—_—_—tan 6 
g, H 


(where 6 is the angle of dip). 

If the inductor consists of # turns, each of area A, equation 
(1) is written g=27AF/R, 

Measurement of. an Intense Magnetic Field—The method 
described in the previous paragraph is convenient for the 
measurement of an intense field, e.g. that between the poles of 
a horse-shoe electromagnet. A small coil, of known dimensions 
and wound on an ebonite disc, is placed with its plane perpen- 
dicular to the lines of force and connected to a ballistic 
galvanometer of which the constant is known. When the 
coil is rotated suddenly through 180°, the throw of the 
galvanometer enables the guantity (g,) of electricity to be 
calculated. The intensity F of the field is given by the equation 
F=g¢,R/27A. The determination of the effective area 7A of 
the coil is dispensed with if the experiment is repeated in a 
magnetic field of known intensity. 

Another method of measuring a strong magnetic field is 
given on p. 263. 

Instantaneous Value of the Induced E.M.F. in an Earth 
Inductor.—Let ABCD (Fig. 300, i) represent a rectangular 
inductor, initially perpendicular to a uniform field of intensity 
F. The sides AB and DC only are effective in inducing an 
E.M.F. when the inductor is rotated round its vertical axis. 
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If 7 and ~ are the lengths of AB and AD respectively, and w 
the angular velocity; then, when the inductor has rotated 
(i) (i) 
A D A D 


= 


ea} oO 

> 

dupe = 
1 


¢ 
wa 


Fic. 300. 


through an angle @, only the component of F perpendicular to 
the direction of motion of AB, ze. along AD (Fig. 300, ii), is 
effective in creating an induced E.M.F., and this component is 
F sin 0. 


The linear velocity of AB is wx Z 


Hence, the E.M.F. set up in AB is (wx2Z) x/ZxF sin 0; ° 
‘*. total E.M.F.=w7/x F sin 6=wA x F sin 6, 


where A is the area of the inductor. 

Or, if T is the period of one revolution, and ¢ is the time 
occupied in rotating through the angle 6, then ¢/T=6/2z, or 
6=272/T ; 
ant 

Hence, the instantaneous E.M.F. is proportional to the sine of 
the angle described from its initia] position. It is consequently 


“. total E.M.F.=oA xX F sin 
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equal to zero when the plane of the inductor is perpendicular to 
the lines of force, and has a maximum value, equal to wAF, 
when the plane coincides with the direction of the lines of force. 
If the maximum E.M.F. is denoted by E,, then the current at 
any instant is given by 
z= Ep sin 27. 
R° 4h 

Fig. 301 represents the variation of the momentary induced 

E.M.F. during one complete revolution. Successive positions of 


Fic. 301. 


the inductor are measured along the horizontal axis XX’, and 
ordinates are drawn from these points proportional to the sine 
of the angle in each case. The ordinates are above or below 
the horizontal line according as the value of the sine is positive 
or negative. The curve obtained is termed a Sine Curve, and 
the E.M.F. in such a case is said to vary harmonically. J the 


absence of self-induction, the current would vary in the same 
manner. 


The average E.M.F. in an Earth Inductor.—We require to find the 
average height of the ordinates, such as ad (Fig. 301) drawn from the 
axis XX’ to touch the sine curve. Imagine that the axis from 0 to 7 is 
divided into a large number # of equal parts, each equal to @@, and that 
ordinates are drawn from each of these points. The average length is 
obtained by adding these together and dividing the sum by the number 
of ordinates taken. If y represents an ordinate such as ad, and if Zy 
represents the sum of these ordinates, 


- 1, 2y By. dd Dy. do, 
the average height = eager arr are) 
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y.d@ is the integration of y.d@ between the values 0=o and =r. 
But y=AF. sind, 
~ Zy. d0=wAF|"sin 0. d0=[-wAF cos 6]. =2wAF. 
2wAF 
a 


Hence, the average height= 


But wAF is the maximum yalue of the ordinate, 
2 
*, the average E.M.F. =x the maximum E.M.F. 
2 5 
Also, the average current =— x the maximum current. 


Determination of the value of the Ohm.—{i) ROTATING 
CoIL METHOD. Weber suggested that the principle of the 
rotating coil might be used in order to determine the absolute 
resistance of a conductor. The method, which was elaborated 
by Clerk Maxwell and adopted by a committee of the British 
Association in a series of experiments conducted in 1863, con- 
sisted in spinning a circular coil with uniform velocity about a 
vertical axis in the earth’s field. The ends of the coil are 
joined together, and a small magnet is suspended at the centre 
of the coil. A periodic current is set up in the coil, and in all 
positions of the coil the direction of the current is such as to 
deflect the needle in the same direction. Fora given angular 
velocity, the deflecting force (due to the induced current) 
acting on the needle is proportional to the field strength : the 
controlling force also is proportional to the field strength. 
Hence the deflection is independent of the field strength, and 
depends only upon (i) the dimensions of the coil, (ii) the an- 
gular velocity, and (iii) the resistance of the coil.1 

Standard 1-ohm coils, of which the resistances were measured 
by comparison with the above coil, were termed B.A. units. The 
resistance of these standards was subsequently found to be toa 
low, and a more accurate series of observations with the earth 
inductor, conducted by Lord Rayleigh, showed that the 
B.A. ohm is equal to 0.9865 true ohm. 

(ii) LoRENz’s METHOD.—It has been shown on p. 415 that, 
when a metal disc of radius 7 rotates at a uniform speed of x 


aman? 


,1 The approximate formula is “a gE where a@ is the radius of coil, # the 


number of turns, ¢ the time of one revolution, and ¢ the deflection of the magnet. 
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revolutions per second in a plane perpendicular to the lines of 
force of a uniform field H, the potential difference set up between 
the axis and the circumference is given by the equation ¢e= Haz7? 
C.G.S. units. Lorenz has applied this principle to the measure- 
ment of a resistance in C.G.S. units. ; 

The axle of the disc D (Fig. 302). coincides with that of a 
circular coil C mounted with its plane in the magnetic meridian 
and traversed by a 
current z C.G.S. units. 
Then, if M is the mag- 
netic flux through. the 
disc due to unit cur- 
rent, the flux due toa 
current Zz 1s equal to 
Mz. The potential, 
difference set up. in, 
the disc is then 


is e= Mam. : 


Fic. 302.—Lorenz's Method of determining the Ohm, © Ifthe circumference 
and the axle are con- 


nected through a galvanometer G with two points on the 
main circuit and separated by a resistance R, the speed of 
the disc may be adjusted so that the P.D. set up is just 
balanced by that which exists between the ends of R and is 
equal to Rz Hence, 

Rz= Min 
or, R=Mz. 


The value of M can be calculated from the dimensions and 
number of turns of the coil, and z can be measured directly. 


In a very careful determination, in 1883, of the value of the B.A. unit 
by this method, Lord Rayleigh and Mrs. Sidgwick 1ound that the 4. 41. 
ohm ts equal to 0.98677 true ohm. A still more careful re-determination 
was made, in 1890, by the late Prof. Viriamu Jones, who used a column 
of mercury as a resistance for balancing the #.M.F. set up in the disc, 
and thus obtained directly the specific resistance of mercury. This was 
found to be 94067 C.G.s. units at o° C., and the true ohm is therefore 
equal to the resistance at o° C. of a column of mercury 106.307 cms. 
long and 1 square millimetre in cross-section. 
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im accordance with the recommendation of an International Congress 
of Electricians, the Board of Trade in 1894 specified that ¢he standard 
ohm shall be the resistance of a column of mercury, 106.3 cms. long and 
having a mass of 14.4521 grams, at the temperature of melting ice. 


The Ohm expressed as a Velocity.—The ohm is defined as equal 
to 10° C.G.s. units of resistance, and may be expressed as 
a velocity of 10° cms. per second. This may be understood 
more clearly by considering the E.M.F. induced in a metal bar 
AB (Fig. 289) sliding along two horizontal metal bars, of 
negligible resistance and connected together at their distant 
ends. If the bar intersects the lines of force of a vertical 
magnetic field of unit intensity, an E.M.F. is induced in the bar 
tending to send a current from B to A. 

If AB is 1 cm. long, and if wv is its velocity, then 

E.M.F.=v C.G.S. units, and 


U ° 
current=— C.G.S., units, 


If the velocity is increased or diminished until the current 
generated is equal to I C.G.S. unit, then 
R=y7, 
or, the resistance of the bar is expressed as a velocity. 


Helmholtz’s Equation. Time-Constant.—It has already been stated 
that the self-imduction in a circuit impedes the growth and decay of a 
current set up in it. Helmholtz has shown how this may be repre- 
sented by equations. Consider the case of a battery, E.M.F.=E, joined 
in series with a circuit of resistance R and inductance L. While the 
current is increasing the conditions may be’represented by the funda- 
imental equation (p. 412), 

Eld¢=I?Ra¢+ LI. aI, 
E Lal 
OF OR ae ai 


ee 


Hence, 
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In order to find the current strength after any interval ¢. this expres- 
sion on the left must be integrated between the limits o and I, and 
that on the right between limits o and 4 Hence, if e=2.7183, tne 
base of the natural system of logarithms, 


E Biss ig es 
loge (75 - 1) ~loge = oe eee 


E 

Ree lee 
or loge pers te red 

R 

E BE -* 
or, em ie < ae 


But = is the maximum strength of the current when fully established, 


which may be denoted by I. When L/R is equal to ¢, then 
I 


1=1(1 -t)=1x 0.6321. 


Hence the ratio L/R, termed the time-constant of the circuit, may be 
defined as equal to the time required for the current to attain a strength 
equal to 0.6321 xzts maximum value. If L is very smail compared 


with R, then I=¥ approximately, and the current assumes its 


maximum value almost instantaneously. 

Fig. 303 represents the growth during 4 seconds of a current through 
a circuit of 1 ohm resistance and 1 henry inductance, the impressed 
E.M.F. being 1 volt, From‘the above equation, the current at any 


instant is I= (: -3) H 


I 
when /=0.1 sec., I=1 — Wi = 90-0952, 


I 
+ ¢=0.2sec., I=1 — 93 =0- 1813, and so on, 


On breaking the circuit, everything ceases except the induced current 
due to the self-induction of the circuit. But it is impossible to calculate 
the actual current strength in any ordiniry case since the resistance of 
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the circuit is increased indefinitely by an amount depending on the 


resistance of the spark gap ; in any case this is very great, and the 
removal of magnetic flux is correspondingly sudden. Consequently the 


10 ) Fam 


a] 
a 


Current (in amperes) 
a 


tb 
a 


sta 
1 2 


Time (in seconds) 
Fic. 303. 


induced E.M.F. is much greater at ‘break’ than at ‘make.’ In a 
theoretical case, 7 which the resistance remains constant, the instan- 


taneous current is given by the equation 
_Re 
I=ke L. 
Energy Stored up ia the Medium.—The fundamental equation 


(1) on p. 412 may be written EI=I?R+ rs. But EI is she rate of 


supply of energy from the battery, and the ie factors express the rate 
of dissipation of energy as heat and the rate of absorption of energy in 


the medium respectively. Hence 
Rate of supply) _ _ Rate of dissipation , Rate of storage of energy 
of energy as heat in the magnetic field. 
The /o¢a/ energy stored up in the medium is determined by integrating 


the expression Lis between the limits I=o and I=I, where I is 


the final value of I. Hence 
total energy = [ AI ~ak=4Lr: 
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Since, by definition (p. 417), the product LI is equal to the number of 
lines of force passing through a circuit of self-inductance L and traversed 
by a current I, the total energy in the magnetic field is equal to half the 
product of the current in the circuit and the number of lines of force 
through the circutt. 

A further consideration is necessary in the case where two independent 
circuits are present, for we have then to consider the energy in the 
medium due both to the mztual induction and to the separate self- 
inductions of the two circuits. Thus, suppose two circuits A and B, 
traversed by currents I and I’, and having self-inductances L and N 
respectively. If M is the mutual inductance, the number of lines of 
force passing through circuit A is LI+MI’; similarly, the number 
passing through circuit B is NI’-+MI. Hence, by the above definition, 
the total energy in the field is equal to 

$1(LI+ MI’) +4’ (NI’+ MI) 
or, $LI?+ MII’+ 4NI?. 

The expression $LI? for the total energy in the field due to a single 
circuit is comparable to the expression $CV? for the total energy in the 
electrostatic field of a simple air condenser (p 190). 

By means of the expression }LI*, it can be shown that the quantity 
4mu may be termed the electromagnetic density of the medium. Thus 
consider the energy in the medium within a uniform coil, wound in the 
form of an anchor ring, of length /, cross-section A, having 7, turns per 
unit length, and traversed by a current I. If the permeability of the 
medium is «, then (p. 419) L=4m,?/Au ; 


hence $LP?=4. 4mu. AZ. (22,1)? 
But AZ is the volume of the field, therefore the energy per unit volume 
is $6 4rp(a,1)%. 


This formula is analogous to the expression 4zv® for the kinetic 
energy of a mass # moving with velocity v In the electromagnetic 
case #,I may be regarded as the ‘electric velocity,’ and 47m may be 


termed the e/ectric mass per unit volume (or the electric density) of the 
medium. 


SUMMARY 


Faraday’s Law.— When the number of lines of force through a circuit 
ts changing, an induced E.M.F. is set up, and the magnitude of the 
£.M.F. is proportional to the rate at which the number of lines of force 
changes. 
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If two circuits, which may be termed the Arvimary and secondary 
circuits, are placed near together, the following phenomena can be 
observed : (i) a inverse induced current traverses the secondary when 
the primary current begins, increases, or ts brought nearer to the 
Secondary ; (ii) @ direct induced current ts obtained when the primary 
current ceases, diminishes, or ts removed to a greater distance. 

Lenz’s Law.—The induced current is in such a direction that tts 
reaction tends to stop the motion or change to which the induced current 
zs due. 

General Principles.—(i) If the energy in a simple battery circuit is 
expended partly in generating heat and partly in increasing the lines of 
force included in the circuit, the equation of energy is 

Ezat=72*Rat+7aN. 
Also, the induced E.M.¥F. due to the cutting of the lines of force is equal 
to.—dN/d/ c.G.s. units. 

(ii) When the number of lines of force passing through a circuit is 
increased or diminished the induced current will be in that direction 
which tends to keep the number of lines of force constant. 

Fleming’s Right-hand Rule.—When the thumb and the first and 
second fingers of the right hand are extended at right angles to each other, 
then, tf the first finger represents the direction of the field and the thumb 
the direction of motion, the second finger will point in the direction of the 
tnduced current. 

The C.G.S. Unit of E.M.F.—If a conductor of unit length moves with 
unit velocity in a direction at right angles to its own length and to the 
direction of a magnetic field of unit intensity, the E.M.F. set up in the 
conductor is equal to one C.G.s, unit. 

The practical unit of E.M.F. is equal to 10° C.G.s. units, and is 
termed the vo/d. 

Faraday’s Disc.—If a disc of radius y rotates in a plane perpendicular 
to the lines of force of a field of intensity H at a speed of revolutions 
per second, the E.M.F. generated between the axle and the edge of the 
disc is equal to H . 2. 17?/r10® volt. 

Foucault Currents are set up in any conducting sheet rotated near a 
source of magnetic lines of force, except when the plane of rotation 
coincides with the direction of a uniform magnetic field. 

Self-Induction.—The change of magnetic field which takes place 
when a current is being established in any circuit gives rise to an 
induced E.M.F., and therefore to an induced current which is super- 
imposed upon the original current. This property of a circuit is termed 
self-induction. 
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The Coefficient of Self-Induction is defined as the number of lines 
of force passing through any circuit when traversed by one ¢.G.s. unit of 
current. If L is this coefficient, then N= Lz ; hence the induced E.M.F. 
ise= —-dN/dt=-L. aifdt. 

The practical unit of self-induction is the henry, and is equivalent to 
a flux of 10® lines of force through a circuit when traversed by one 
ampere. 

The Coefficient of Mutual Induction of two coils is defined as the 
magnetic flux through one of the coils when the other is traversed by 
the c.G.s. unit of current. 

The Ruhmkorff Coil is an appliance designed for the transformation 
of a low P.D. between the ends of one coil into a high p.D. between those 
of a neighbouring coil. 

The Earth Inductor.—If a coil, consisting of one turn of wire of area 
A and resistance R, is supported with its plane perpendicular to the 
lines of force of a field of intensity F, and is rotated through 180°, the 
quantity g of electricity set in motion is equal to 2AF/R. 

If w is the angular velocity and T is the period of one revolution, 
the E.M.F. at an instant ¢ after passing its initial position is equal 
to wAx Fsin sais The maximum E.M.F. is therefore wAF; also, if 
this is denoted by Ep, the current at any instant may be written 

Ep amt 


rae Sua 


The average E.M.F. is equal to 2 x wAF, 
v 


Determination of the Ohm.—(i) Weber's method of the rotating coil. 

(ii) Lorenz's method of a rotating disc within a magnetic field. 

The ohm may be expressed as a velocity. 

Helmholtz’s Equation.—If an E.M.F. equal to E is impressed on a 
circuit of resistance R and self-inductance L, the current strength after 
an interval ¢ is expressed by the equation 


E I 
1=F( i= zum): 


The total energy stored up in the medium surrounding a conductor 
of self-inductance L traversed by a current I is equal to }LI2. 


QUESTIONS ON CHAPTER XXII 


1. A flat coil of wire, the ends of which are connected to a sensitive 
galvanometer, is (1) moved up towards the north end of a long bar- 
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magnet, (2) threaded on the bar, (3) moved along it to the south end, 
(4) removed to a distance. What indications does the galvanometer 
give during these operations ? 

2. A few turns of fine insulated wire are wrapped round the centre of 
an iron nail, and the ends of the wire connected to a sensitive galvano- 
meter. State and explain the effect on the galvanometer (1) when the 
nail is put across the poles of a horse-shoe magnet, slowly or quickly, 
(2) when it is removed slowly or quickly. 

3. A bar-magnet is suspended on a stirrup by a string, and oscillates 
in a horizontal plane. How are the oscillations affected (if at all) when 
a thick non-magnetic metal plate is placed horizontally beneath the 
needle so as to be close to without touching it ? 

4. A vertical hoop of wire, at right angles to the magnetic meridian, 
is quickly but with uniform speed turned through 180° about a vertical 
axis, its originally eastern half moving northward at first. State the 
direction in which the induced current passes round the wire, and 
determine the position of the hoop in which the induced E.M.F. is the 
greatest. 

5. A circuit consisting of a battery and an electro-magnet can be 
made and broken by a wire dipping into mercury. At every break a 
bright spark occurs. If the electromagnet be removed from the circuit, 
the spark is much less bright. Explain these phenomena. 

6. Show how to determine approximately the direction of the 
magnetic meridian at a place by experimenting with a coil of wire 
movable about a vertical axis, and connected with a sensitive galvano- 
meter. 

7. Describe an arrangement for producing a continuous current by 
making a conductor rotate between the poles of a horse-shoe magnet. 

8. Explain how it is possible by means of induction currents to 
transmit signals between two places which are not connected by a 
conductor. 

9. Describe an induction coil, and explain why the core is made of 
wire. 

10. Describe Barlow’s wheel, and explain its action (i) when used as 
a dynamo, (ii) when used as a motor. 

11. Calculate the electromotive force generated, by virtue of the 
vertical component of the earth’s field (which may be taken as 


=0.41 cm. * om.? sec.—!) in the axle of a railway carriage, of length 


150 cm., travelling with a speed of 75 kilometres per hour. In what 
units is your answer given? How could you observe the existence of 


this electromotive force ? 
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‘2. A circular coil of wire is rotated clockwise as ‘seen from above, ° 
about the vertical diameter (i) in England, (ii) in Australia. Explain 
how you obtain the direction of the current for different positions of the 
coil, andsdiscuss whether there is any difference in the two cases. \ 

13. A» circular horizontal coil of wire is connected to a distant 
galvanometer. What effect is shown by the galvanometer in the 
following two cases: (i) A vertical magnet, previously placed in the 
axis of the coil and half-way through it, is allowed to drop. (ii) The 
same magnet, previously placed ina horizontal position with its centre 
at the centre of the coil, is allowed to drop. 

14. A single Daniell cell, an electromagnet and an electrolytic cell 
containing dilute sulphuric acid with small platinum electrodes are 
connected in series... State what happens. If the terminals of the 
electrolytic cell are connected by a wire and this connexion is rapidly 
made and broken, gas comes off at the electrodes. Why is this? 

15. Supposing that a railway line is laid in England on ‘insulating 
material, and that the two rails are connected at a certain station by a 
cross wire, show that a current will flow in the cross wire and the rails, 
when a train is moving on the line, and draw a figure showing its 
direction when the train is moving from the station. 


Give a reason for 
the direction you assign. 


16. A circular coil of wire is rotating round a vertical axis in its own 
plane. Describe how the E.M.F. due to its cutting the lines of the earth’s 
magnetic field varies as it rotates, and show how to calculate its value. 
Show also how to calculate the resulting current. Does the self-induction 
of the circuit affect the result ? 

17. A solenoid.an inch in diameter and a yard long is connected with 
a distant galvanometer. A bar-magnet 6 inches long is quickly thrust 
half-way into one end of the solenoid. When the needle is at rest it is 
thrust in a foot further and again when all is quiet it is thrust in another 
foot. Finally it is pulled out at the other end very quickly. What 
response will the needle make in the four cases ? 

18. A copper ring is hung by a torsionless thread between the vertical 
parallel and flat opposed poles of an electro-magnet. The plane of the 
ring is vertical, and is inclined at 45° to that of either pole face. Ifa 
current is started round the magnet, the ring turns through a moderate 
angle, but quickly comes to rest. If it is replaced in its former position 
and the current is stopped, it starts twisting in the opposite direction 
and keeps on spinning. Account for these actions. 

19. A metal hoop is held vertically with its plane in the magnetic 
meridian, and is allowed to fall freely towards the east. In what 
direction does the induced current traverse the part of the hoop touching 
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the ground? If the radius of the hoop is 30 cms., and its resistance is 
0.2 ohm, find the total quantity of electricity developed (angle of dip =67°, 
H=o0. 18). 

20. A coil of 100 turns and 10 cms. mean diameter is rotated at a 
speed of 90 turns per minute about a diameter lying magnetic east and 
west in the earth’s field of 0.4 dynes per unit pole. Calculate the 
average E.M.F. during a quarter revolution beginning with zero E.M.F. 

21. How would you show by experiment that the E.M.F. induced in 
a conductor is accurately proportional to the rate at which it cuts lines 
of magnetic induction ? 

A solid fly-wheel, 1 metre in diameter, spins on an axis which is 
directed towards the north, at a place where H=0.18. It makes 250 
revolutions per minute. Calculate the difference of potential between 
the centre and the circumference of the wheel. 

22. A circular coil, of 200 turns of wire and mean diameter 20 cms., 
revolves round a vertical axis at the rate of 12 revolutions per second. 
If H=o.18, what will be the instantaneous E M.F. induced in the coil 
(i) when it is at right angles to, (ii) when it is at 30° to, (iii) when it 
coincides with, the magnetic meridian ? 

23. A square conducting frame cut through at one place rotates in 
the earth’s magnetic field about a vertical axis, passing through the 
middle points of opposite sides. Describe the variation in E.M.F. 
between the two sides of the. break which consequently occurs, and 
calculate its maximum amount when there are 120 revolutions per 
minute, if the edge of the square is 25 cms. and the intensity of the 
earth’s horizontal force is 0.18. 

24. A coil of wire of inductive area 15000 sq. cms. is connected 
with a galvanometer. The coil lies flat on a table, and when it is 
turned over the galvanometer is momentarily deflected. Discharging 
a condenser of 1 microfarad capacity charged to 1.5 volts through 
the same galvanometer produces the same kick as with the coil. If 
the vertical component of the earth’s field is 0.4 C.G.S. units, what 
is the resistance of the coil and galvanometer together with the con- 
necting leads ? 

25. What is the mutual inductance of two concentric coils, 40 cms. 
long, of 200 and 600 turns respectively, the inner coil being wound on 
a paper tube 10 cms. diameter? 

26. What is the inductance of a coil of 100 turns wound on a paper 
tube 25 cms. long and 4 cms. radius ? 

27. Two coils, a primary of 400 turns and a secondary of 20 turns, 
are wound on an iron ring of mean diameter 20 cms. and cross-section 
2 cms. radius. Find the inductance of each when 4=800. 
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28. If 500 volts are impressed on a circuit of 10 henrys inductance 
and 5 ohms resistance, what will be the current at the end of (i) z}y sec., 
(ii) I sec., (iii) 5 secs.? What will be its final value? 

29. A transformer has an iron core of 200 sq. cms. area and 40 cms. 
long. There are 220 turns in the primary and 22 turns in the secondary 
coils. If 4=2000, what are the inductances in the two circuits ? 

30. Describe the action of an induction coil, and explain the effect of 
having a condenser in the primary circuit in parallel with the interrupter. 

31. Give Lorenz’s method for determining the ohm in absolute 
measure, and describe in detail the apparatus required for the purpose. 

32. A metal cylinder is kept spinning about its axis with uniform 
angular velocity w between the poles of an electro-magnet, the axis of 
rotation being perpendicular to the direction of the magnetic force H. 
Show that the work required per second to maintain the rotation is 
proportional to Hw. 

33. The wire supporting a heavy pendulum bob hangs in the space 
between the poles of an electro-magnet, which produces a field perpen- 
dicular to the plane of oscillation of the pendulum. Calculate the total 
quantity of electricity sent through a circuit of resistance 7, in series 
with the wire, at each swing. 

34. Find the nature and magnitude of the electromotive force which 
is induced in a plane coil of wire when it rotates (2) about its own axis, 
(4) about an axis in its own plane, in a uniform magnetic field the lines 
of which are in each case perpendicular to the axis of rotation of the 
coil. 

35. Define self-induction, and show that when an E.M.F. E is 
applied to a circuit of self-induction L and resistance R the current is 


E 
equal to RO —e-R/L), where ¢ denotes the time after the E.M.F. is 
applied. 


CHAPTER XXIII 
ALTERNATING CURRENTS 


Graphical Representation of Alternating Currents.—The 
principle of an alternating current may be understood by con- 
sidering the rotation of an earth-inductor (p. 425) in a uniform 
magnetic field. In this case the direction of the E.M.F., and 
therefore of the current, is reversed once during each half- 
revolution of the inductor; the periodic time of the current is 
equal to the time occupied by one complete revolution of the 
inductor, and the frequency of the current is the number of 
cornplete periods described in one second. 


Fic. 304.—Wave Diagram of an Alternating Current. 


It is necessary to have some method of representing, in the 
form of a diagram, the manner in which the current, or the 
E.M.F., varies with the time. One method is shown in Fig. 304, 
where P’P, is an earth-inductor, rotating at a uniform rate 
round an axis O. When passing the position OX, and when its 
plane is perpendicular to the lines of force of the magnetic field 
F, the instantaneous E.M.F. is zero; and, when passing the 


H.M. is 
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position OP,, the E.M.F. is wAF sin @ or wAF sin .t (p. 427), 


where ¢ is the time interval occupied in passing between the 
positions OX and OP;. The E.M.¥. is therefore proportional to 
P,R,. Similarly, in the positions OP, and OP; the E.M.F. will be 
proportional to P,R, and P3R; respectively. The successive 
values of the E.M.F. for various values of the phase-angle @ are . 
shown by the curve on the right of Fig. 304. Starting from the 
point a, the length a7, represents the value of the angle 6 (ex- 
pressed in circular measure), and the height of the vertical 
line a,7, is proportional to the instantaneous E.M.F. when the 
inductor is in the position OP,. Similarly the E.M.F. set up 
in the position OP, is represented by a7,. The E.M.F. is a 
maximum when 6=7/2, and becomes zero when O=z. During 
the remainder of the period the E.M.F. is reversed, and the 
ordinates are drawn below the horizontal line. By joining the 
ends of the ordinates, a curved line is obtained which repre- 
sents thé variation in the E.M.F. during one revolution of the 
inductor. The curve, which may be termed.a wave diagram, is 
evidently a sine curve, since the height of each ordinate is pro- 
portional to the szze of the corresponding phase-angle. The 
form of the wave diagram obtained in practice is not neces- 
sarily so simple as this, and it may differ considerably. The 
resultant E.M.F. obtained when two separate alternating E.M.F.’s 
are applied to the same circuit may 

Y be represented also by means of a 

WN wave diagram, the ordinate at any 

5 point of the resultant curve being 

obtained by adding together the 

Pian ordinates of the component curves 

xX at the same point. 

Fig. 305 is an example of another 

method of representing an alter- 

nating E.M.F., and is known as a 

clock-face diagram; thus, if the line 

Fic. 305.—Clock-face Diagram, OP, of which the length (drawn 


to a given scale) represents the 
maximum E.M.F., rotates round O at a uniform speed such 


that the time of one revolution is equal to the period of the 
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alternating E.M.F., and if the position OX corresponds to the 
instant when-the E.M.F. is zero, then the length of the projec- 
tion Or will represent the instantaneous E.M.F. when the phase 
is @. This method is especially applicable to the representation 
of the resultant E.M.F. due to 
two or more separate E.M.F.’s 
which differ in phase. Thus, 
let OP and OQ (Fig. 306) 
represent the maxima E.M.F.’s 
applied to a circuit, the differ- 
ence in phase being equal to 
the angle POQ ; then, since 
alternating E.M.F.’s may be Fic. 306. 

regarded as vector quantities 

—having both direction and magnitude—the resultant may be 
found by a graphical method resembling the principle of the 
parallelogram of forces. The resultant is represented therefore 
by OR, and differs in phase from OP and OQ by the angles 
POR and QOR respectively. From the geometry of the figure 
it is evident that the instantaneous value Oy of the resultant 
E.M.F. is equal to the sum of the instantaneous values Op and 
Og of the components. 

Alternating currents may be represented by the same forms 
of diagram. 

The Root Mean Square Value of an Alternating Current. 
—Since the strength of an alternating current is changing con- 
tinually, a numerical value can be given to the current strength 
only by taking an average of the instantaneous strengths at 
equal intervals of time during one complete period. It has 


1 
1 
. \ U 


been shown (p. 429) that the “we mean current is equal to Z 
T 


times the maximum current. Simple reasoning will show, 
however, that this mean value does not express the strength of 
a steady current which would have the same effect as the alter- 
nating current under consideration—and this is what we mean 
by the s¢reng?h of an alternating current. Thus, when a straight 
wire is traversed by a simple harmonic current, its temperature 
rises to a constant value which it attains when the heat is radi- 
ated out at the same rate as it is generated in the wire. The 
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heat generated at any instant is, by Joule’s law, proportional to 
the sguare of the current strength at that instant. If we con- 
struct, from the curve of a simple harmonic current, a curve of 
which the ordinates are proportional to the squares of the instan- 
taneous current strengths, then such a curve will represent Zhe 
variation in the rate of generation of heat. Also, since the 
horizontal axis measures //7ze, the area enclosed between the 
curve and the axis, multiplied by the resistance, will give the 
total heat generated in the same period. The square root of the 
average ordinate will be the magnitude of the constant current 
which would develop the same heat in the same time. This 
equivalent constant current is sometimes termed the virtual 
strength of the alternating current. 


The relationship between the virtual strength and the maxzmum 
strength I of a simple harmonic current may be determined by the 
method adopted on p. 428. If y is any ordinate in the curve, then at 
any instant 

y=isinég. 

If, in the curve representing the squares of the current strength, 

ordinates are drawn at 7 equidistant points, the average ordinate is 
zy? _ zy". dd 
ae 


But, if we consider only those ordinates between the points o and 7, 
then 2. d@=7, and 

fee 
on.dd 


P 7. 
=— |. (1 — cos 20) d0 


T 
mean ordinate = a i I? sin26. a0 
WY 


Hence, the virtual current = + = 0.707 pels 
2 
and (p. 429), the true mean current= a =0,037) % fe 
Tv 
Similarly, the vzrtwal E.M.F. is equal to ene X maximum E,M.F., and 
3 : 
is numerically equal to the product of the virtual current and the 
imipedasce (p. 447). 


] 
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An alternating E.M.F. is measured usually by means of an 
electrostatic voltmeter (p. 209) or a Cardew voltmeter, both of 
which indicate the wirtwal value of the E.M.F.; in the case of 
the latter instrument, since it depends for its action upon the 
expansion of a wire due to the heat generated in it by a small 
current, it will indicate the virtual E.M.F. as defined above. 
Alternating currents may be measured by some type of e/ectro- 
dynamometer (p. 288). In this case also the virtual current is 
measured since the electromagnetic force acting on the 
suspended coil is proportional to the sguware of the current 
strength ; and, if the period of vibration of the coil is great 
compared with the period of the current, the position of the 
coil is not affected by the rapid alternations of the current. 
Relation between Current and E.M.F. (alternating).— 
When a simple harmonic E.M.F. is applied to a circuit, then 


E; =E sin wt 
where E; and E are the instantaneous and maximum E.M.F.’s ; 
and, ¢f the circuit is free from self-induction, the instantaneous 
current I; is given by the equation 


I.=5 - sin OD, UNG ia civosiices secasials Asconad (149) 
=Isin wf; 
Ey 
also, L=3 


where I, and E, are the virtual values of the current and E.M.F. 
But, zf the circuit has appreciable self-induction, the impressed 
E.M.F. is modified by an E.M.F. due to self-induction ; and it has 
been shown (p. 431) that, in such cases, the instantaneous 
current J; is given by the equation 


E-LOLR 
where E is the instantaneous zmpressed E.M.F. (z.¢.. the E.M.F. 
applied externally to the circuit). It is evident that the effec- 
tive E.M.F., and therefore the resultant current, in the circuit 
is innies always behind the impressed E.M.F. Consequently 
the current will be increasing at the instant when the applied 
E.M.F. is a maximum, and there will be at the same instant 
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an opposing E.M.F. due to self-induction, and the maximum 
effective E.M.F. will be less than the impressed E.M.F. Hence 
an E.M.F. greater than I,R is required in order to transmit 
a current I, through a circuit of which the ohmic resistance 
is R and which has appreciable self-induction ; and the addi- 


i 


tional E.M.F. required at any instant is L 


at 
But L=Tsin a7, 7 22. cendattorc hes -derh Meee enter (2) 
iAlips 
and FS OL COSitote | Rekaeetch «dase cclens ocean 
n a wl cos wt. , (3) 
dal; 
H — 
ence UB, ai wLI cos wZ, 


and the maximum value of this is wLI. The virtual value of 
this additional E.M.F. is equal to 


If this E.M.F. coincided in phase with the externally impressed 
E.M.F., the total virtual E.M.F. required to transmit the current 
I, would be I(R+oL). But it is evident that the phase of 
the opposing E.M.F. due to self-induction lags behind the re- 
sultant E.M.F., for it is evident from equations (2) and (3) that 
ai,/d@¢ is a maximum when I; is zero, and vice versa. The 
opposing E.M.F. therefore 
lags behind the resultant 
E.M.F. by + period: and 
this is also evident if a 
cosine curve is superim- 
posed on the szze curve of 
Fig. 304. 

In Fig. 307 OA repre- 
sents the maximum E.M.F. 
required to transmit a 
current I, through the re- 
sistance R in the absence 


of self-induction, and OB 
is the maximum self-induced E.M.F. The line OE therefore 


represents, in magnitude and phase, the E.M.F. which must be 
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impressed in order that the resultant E.M.F. may coincide with 
OA. Since the angle AOB is a right angle, 


OE=V(OA}+(OBY, 


or, E=/<V (RI)?+(wLt? 
=1VR?+(oL). 
Hence ote Te E, ee 
JR?2+(oL)? 


Since the phase of the current is coincident with that’of the 
resultant E.M.F., the current /ags behind the impressed E.M.F. 
by an angle ¢, and it acquires a maximum value at an instant 
T x d/2 after the maximum value of the impressed E.M.F. has 
occurred. Under certain conditions (p. 449) the phase of the 
current may be in advance of that of the impressed E.M.F., in 
which case a leading current is obtained. In the case of a 
lagging current, traversing a circuit of which the capacity is 
negligible, the azgle of lag > is given by the equation 


tan d= Ss ’ 
R 
or cos d= HI08, 
Hence by =R- 60s od. 


The quantity R?+(wL) is termed the impedance, and wL - 
is termed the reactance. Fig. 
308 represents more Clearly 
the relationship between im- 
pedance, reactance, and ohmic 
resistance. 

Since the current lags be- 
hind the impressed E.M.F. by 
an angle ¢, and since the 


Reactance 


: Ohmie Resistance 
impedance takes the place of Tes: 


ohmic resistance, equation I 
(p. 445) for the instantaneous current must be written 


ot rent Sem 
* /R2+ (OLY? 
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EXaMPLE 1.—A virtual current of 80 amperes is required through a 
resistance of 2 ohms. If the periodicity is 50, and if the self-inductance 
is 0.004 henry, find the impressed voltage required. 

E, =I. VR?+(27”7L? 
=80/4+ 1.577 
= 188.8 volts. 

Power, in an Alternating Circuit. In a circuit traversed by a 
steady current, the fower is expressed in warts by the product EI, 
where E is the E.M.F. in volts between the ends of the circuit and I is 
the current in amperes. In the case of a circuit traversed by an 
alternating current, the current and E.M.F. vary harmonically and 
differ in phase, and the power at any instant is measured by the product 
of their simultaneous values; this may be written 

P; =I sin (wt — ¢) x Esin w/, 
or, since cos (A — B) —cos(A+ B)=2sin Asin B, 
P;= fIE{cos ¢— cos (2w¢— ¢)} 

The average power during one-half of a complete period is equal to 
the average value of P; while ¢ changes from zero to T/2, or while 
(2wt—) changes from -—¢ tc (2r-—¢). But, within these limits, 
cos(2wf-—@) has all possible values between +1 and —1, and its 
average value is zero; hence, the mean power, or work generated 


in unit time, is LIE cos ¢. 
But I,=1/V2, and Ey=E/V2; 
hence, power=I,E, cos ¢, or 


the average power is equal to the product of the virtual current, 
the virtual E.M.F. and the cosine of the angle of lag. From this 
it is evident that the power zs 

zero when ¢=90°. 
The effect of an alteration in 
the angle of lag on the power 
developed is shown in Figs, 309 
and 310, where the thin and 
thick continuous lines represent 
ZN , the E.M.F. and current, ing the 
“dotted line represents the varia- 
tion in the power developed. 
The dotted curve is drawn below 
the horizontal axis at points 
where the product of E and I 
has a negative value. The total power developed during any time 
interval is equal to the a/gebraic sum of the shaded areas included in 


Fic. 309. 
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that interval, and enclosed between the power curve and the horizontal 
axis. In Fig. 309 the angle of lag is 7/5, and the lag is increased 
to 7/2 in Fig. 310. In the 
latter case it is evident that 
the shaded area is distributed 
equally above and below the 
horizontal axis, indicating that 
the power developed in any 
number of complete periods is 
equal to zero. 

The virtual E.M.F., acting 
between two points of a circuit, 
may be measured by means of 
an electrostatic voltmeter, and 
the virtual current by means of Fic. 310. 

a Siemens’ or a Weber electro- 

dynamometer. But the product of the readings will indicate the true 
power developed only when the reactance of the circuit is zero, since the 
readings would not be influenced by the angle.of lag. For this reason, 
a wattmeter is used for the purpose generally. The construction of this 
instrument is the same as that of the Siemens’ dynamometer, except that 
the two coils are connected to separate pairs of terminals. The suspended 
coil consists of extremely fine wire wound ona frame of non-metallic 
material, and the fixed coil consists of a few turns of thick wire. The 
former is joined to the ends of the circuit in which the power is to be 
measured, and is therefore traversed by a current proportional to the 
voltage ; the fixed coil is joined in series with the main circuit. In 
order to prevent any lag in phase of the current in the suspended coil, 
its self-induction is reduced by winding only a few turns on the coil, 
the remainder of the fine wire being wound on-inductively on a 


separate frame. / 

Effect of Capacity in an Alternating Circuit.—Every electric 
circuit possesses more or less capacity, owing to the proximity of 
the conductors to the earth and to each other; the conditions are then 
equivalent to a condenser being connected 7” parallel with the circuit. 
If the circuit is traversed by an alternating current, a. condenser may 
be connected even zz series with the circuit (providing that its capacity 
is sufficiently great) without necessarily interfering with the transmission 
of power along the circuit. In either case, the effect of capacity in a 
circuit is to assist the rise and fall of the current ;-it therefore tends to 
cause the phase of the current to-be in advance of that of the impressed 
E.M.F., and it tends to neutralise the lag caused by self-induction. 

HM. P2 
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Fig. 311 may assist in, making this point more clear: Suppose the 
conductors A and B to be joined to the alternator D, which, in the first 
instance, charges A positively 
and B negatively. When 
the E.M.F. of D is afterwards 
diminishing, the weakening 
of the current and its sub- 
sequent reversal will be azded 
by the discharge through D 
of the charges on A and B. 
Ther the conductors will acquire reversed charges, and their discharge 
will assist the next reversal of the current. 
It can be shown that, if the capacity and inductance of the circuit are 
I 
wS 


: I : : 
is zero when LS=333 and the alternating current will then obey 


Ohm’s law. 

Choking Coils.—It is evident, from the preceding paragraphs, 

that there is a wide difference between the manner in which ohmic 
resistance and in which reactance affect an alternating current. The 
former dissipates the energy in the form of heat, and the latter 
diminishes the current by setting up an opposing 
E.M.F.; hence reactance diminishes the current | 
without any waste of energy. Therefore, the most ——iiii 
efficient method of regulating an alternating current is 
to insert in the circuit a conductor having smad/ 
resistance and variable reactance. Such a device is 
known as a choking coil or reactance coil. From 
p. 447 it is evident that if R is negligible compared a 
with wL, then I,=E,/wL, and the current may be ~ Fic, 312, 
diminished to any required extent by increasing wL. 
The simplest form of choking coil consists of a coil of thick wire w 
(Fig. 312), the reactance of which can be varied by means of an 
adjustable core, c, of soft-iron wires. The reactance is a maximum 
when the core is inserted completely within the coil. 

In practice, there is always a certain amount of energy lost owing to 
hysteresis and to Foucault currents set up in the iron core; but the 
former is minimised by a careful selection of the iron used, and the 
latter by coating each wire with a layer of varnish and by arranging 
the wires so that their lengths are parallel to the axis of the coil. 

In determining the inductance which must be introduced in order to 


Fic. -311. 


S and L, the reactance is equal to (wL- ). Hence, the reactance 


i 
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reduce the voltage to a required extent, it is necessary to remember 
that the square of the impressed E.M. F. is equal to the sum of the squares 
of the E.M.F. required to overcome the ohmic resistance and the 
reactance respectively: this is evident from Fig. 308. Thus, if 
several lamps required 7 amperes at 200 volts, supplied from mains in 
which the voltage is 220 and the frequency 100, then, assuming that 
the lamps are non-inductive and that the choking-coil has negligible 
resistance, 220 = 200 2 +22 

where v is the E.M.F. which must be balanced by the reactance of the 
choking coil ; hence, v=9I volts. 


But this E.M.F. must be equal to wLI,; therefore 


as we is 
be Tees = 0.0207 henry. 


The angle of /ag within the choking coil is given by the equation 
tan @=wL/R (p. 447); hence, if L is made sufficiently great, p=7/2. 
Also, since I, =" . cos ¢ (p. 447) the current traversing the coil is zero 
when ¢=77/2; and, under the same conditions, the power generated in 
the coil is zero. 

Transformers.—The cost of transmission of electric power to a 
distance is prohibitive if low voltage is used, since the size of the con- 
ductors must then be considerable ; but, by using alternating currents 
generated at high voltage, it is possible to use comparatively thin 
conductors, providing that some device is available at the end of the 
circuit for lowering the voltage to a suitable extent. Any device for 
changing the voltage of a current-supply is termed a transformer ; if 
used for lowering the voltage, it is known 
as a step-down transformer, and a step-up 
transformer if used to raise the voltage. 
The Ruhmkorff-coil (p. 422) is a typical 
example of a step-up transformer. 

The earliest form of transformer was 
used by Faraday, and consisted of an iron 
ring, on which two coils cf wire, P and S 
(Fig. 313), termed the primary and 
secondary coils, were wound. When a 
current traversing coil P is altered, a change is produced in the magnetic 
induction through S, in which an induced E.M.F. is thereby set up. If 
the number of turns of wire in P and S are the same, any change in 


voltage at the ends of P will produce the same change in voltage at the - 
; 
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ends of S, providing that there is no magnetic leakage from the ring 
and no loss of energy due to hysteresis and Foucault currents in the iron. 
If the number of turns of wire in S is greater than the number in P, the 
voltage at the ends of S will be greater than the change in voltage at 
the ends of P in practically the same ratio as the number of turns. 
Thus, in order to transform up from 220 volts to 2200 the ratio of the 
windings would be 1:10. In practice, the type of transformer 
represented in Fig. 313 is not economical, unless the ring consists of 
varnished wires or thin stampings, and unless the coils are wound either 
near to each other or one over the other in order to prevent loss by 
leakage of magnetic lines of force. 

If the losses are negligible, the power spent in the primary is equal 
to that generated in the secondary, and therefore the current is 
diminished (or increased) in the same ratio as the voltage is increased 
(or diminished). A transformer serves as an automatic regulator of the 
power transmitted ; for, if the secondary circuit is open, the transformer 
acts simply as a choking-coil, which practically prevents the passage of 
current through the primary. On taking a small current from the 
secondary, the choking action is reduced and a commensurate current 


traverses the primary, and the choking action is reduced again by any 
further increase in the secondary current, 


SUMMARY. 


Alternating Currents may be represented graphically by means of 
either a wave-diagram or a clock-face diagram. 

The virtual strength of an alternating current is the numerical 
value of that steady continuous current which will have the same 
heating effect. It may be defined also as the root mean square value 
of the alternating current : this is the square root of the average ordinate 
of a curve of which the ordinates are proportional to the squares of the 
instantaneous current strengths. 

The virtual strength=0.707 x maximum strength, and 
the trae mean ,, =0.637~x = “3 

The relation between current and E.M.F., in an alternating circuit, is 
given by the’ equation. I,= E,/N. R?+(wL)*. The quantity in the 
denominator is termed the zmpedance, and wL is termed the reactance. 
If the circuit has self-induction, the current /ags in phase behind that of 
the E.M.F. ; the angle of lag ¢ is given by the equation tan p=wL/R. 

The average power developed in an alternating circuit is equal to 
the product J,E, cos ¢, where J, and E, are the virtual values of 
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current and E.M.F., and ¢ is the angle of lag. The power is zero 
when ¢=90°. 

Capacity, in an alternating circuit, tends to diminish the lag of the 
current due to self-induction. The lag is reduced to zero when 


I : : Hane 
LS== where S is the capacity of the circuit. 


Alternating currents are regulated by means of choking coils, 
which may be described as conductors possessing small resistance and 
variable reactance. 

A transformer is a device for raising or lowering the voltage in an 
alternating circuit. 


QUESTIONS ON CHAPTER XXIII 


1. With a frequency of 100, what is the impedance of a coil of 10 
ohms resistance and 0.02 henry inductance? By what angle does the 
current lag behind the E.M.F. ? 

2. An alternating E.M.F. of 200 (virtual) volts, with frequency of 
60 cycles per second, is applied to a circuit having a resistance of 10 
ohms and inductance of 0.02 henry. Find the current and the angle of 
lag. 

3. A circuit has a resistance of 12 ohms and an inductance of 0.02 
henry. Find graphically the impedance at a frequency of 50. 

4. What is the impedance of a circuit of 12 ohms resistance, 0.12 
henry inductance, and 25 microfarads capacity, when the frequency is 
100? Will the current lag or lead, and by what angle? 

5. A circuit has an inductance of 0.25 henry and a capacity of 10 
microfarads. With what frequency will the impedance be equal to the 
ohmic resistance ? 

6. If the inductance of a circuit is 0.1 henry, and its resistance 10 
ohms, at what frequency will an increase of 1 per cent. in the inductance 
be more important than a diminution of $0 per cent. in the resistance ? 
Prove that, when very high frequency currents are employed, the self- 
induction of even a straight wire is more important than its resistance. 

7. Describe the construction of an electrostatic voltmeter. An 
electrostatic voltmeter gives deflections of 15, 18 and 21 scale divisions 
for constant potentials of 50, 60 and 70 volts respectively : what deflec- 
tions will be produced by an alternating electromotive force Esin Zé, 
{z) when the amplitude E is 70 volts and (4) when E is 90 volts? 


CHAPTER XXIV 
CHEMICAL EFFECTS OF THE ELECTRIC CURRENT 


Electrolysis.—All conductors of electricity may be divided 
into two groups, 

(i) pure metals, whether solid or molten, mercury and liguids 
which are not decomposed when a current passes through them, 
and 

(ii) those compounds, whether fused or in solution, which 
undergo decomposition by the current. 

The latter are termed electrolytes. Perfectly pure liquids, e.g. 
water, sulphuric acid, alcohol, 
and ether, are not capable of 
electrolytic decomposition. 

A current is conveyed to and 
from an electrolyte by immers- 
ing in it rods or plates of a 
conductor of the first group ; 
these are termed the electrodes 
—that by which the current 
enters is termed the anode (dvodos, 
a way up), and that by which it 
leaves is the kathode (kdOodo0s, a 


WY way down). The electrolyte 
undergoes decomposition, and, 


Siorube cay eb Waret, under the influence of a potential 

difference, the constituent por- 
tions tend to move in opposite directions, and are set free at 
the electrodes. The elements, or groups of elements, liberated 
are termed ions (or wanderers) ; the ion liberated at the anode 
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is termed the anion, and that liberated at the kathode is termed 
the kation. Also, kations and anions are sometimes referred 
to as electro-positive and electro-negative ions respectively, since 
the former travel through the electrolyte wth the current. 


Fig. 314 represents a simple form of apparatus for the electrolysis of 
water. The lower end of the vessel, made from a glass funnel, is 
closed with a cork and a layer of paraffin wax. The wires through 
the cork terminate in strips of platinum foil. The vessel and test- 
tubes are filled with dilute sulphuric acid. Hydrogen is liberated at 
the kathode and oxygen at the anode. The chemical change due to 
the current may be presented thus : 


H,O = Hy + x6) 
is decomposed \ 2 vols. I vol. 
Wat. ib P d 
nae into JS Hydrogen we Oxygen. 


Paraday’s Laws.—Faraday, in 1833, fully investigated the 
phenomena of electrolysis, and deduced the following laws : 

(4) The mass of an ion set free by a current is proportional to 
the quantity of electricity which has passed. 

(ii) If several different electrolytes are included in the same cir- 
cuit, the relative masses of the liberated ions are proportional to 
their chemical equivalents. 


The chemical equivalent of an element is the weight of it which 
will combine with, or replace, I part by weight of hydrogen, and is 
numerically equal to the ratio of the atomic weight of the element 
to that of hydrogen divided by the valency; the valency of an 
element being the number of hydrogen atoms which will combine with, 
or are replaced by, one atom of the element. 

Thus, in comparing the formulae of sulphuric acid H,SO,, and ot 
sodium sulphate Na,SO,, one atom of sodium replaces one atom of 
hydrogen; the sodium atom is therefore wszvalent. Hence, since the 
atomic weights of sodium and hydrogen are 23.05 and 1.008 respectively, 
the chemical equivalent of sodium is 23.05/1.008=22.87. Similarly, 
in copper sulphate, CuSO,, copper is dzvalent, and its atomic weight 
is 63.6; hence the equivalent of copper is 63.6/(1.008 x 2)=31.54. 
In cuprous compounds the copper is univalent, and its equivalent is 
then 63.09, Also in ferrous and ferric compounds iron is divalent 
and trivalent respectively, and the equivalent is either 27.73 or 18.485. 


Flectro-chemical Equivalents of Elements.—tThe electro- 
chemical equivalent (E.C.E.) of an element. is the weight in grams 
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which is deposited by the passage of the unit quantity of electricity 
(1 coulomb). The accurate determination of the E.C.E. of at 
least one element is a most important experiment, since by the 
second law of Faraday this determination may be used for the 
purpose of calculating the E.C.E. of all other elements. Lord 
Rayleigh and Mrs. Sidgwick! found that 1 coulomb deposits 
0.001118 gram of silver.2 The chemical equivalents of silver 
and hydrogen are 107.073 and I respectively, hence the E.C.E. 
of hydrogen is 0.001118 x 1/107.073=0.00001044. In a similar 
manner the E.C.E. of any other element may be calculated. 
In the following table the system of atomic weights based 
upon 0=16 is used. 


ELECTRO-CHEMICAL EQUIVALENTS. 


a “eh 4 ae Se epee | 
Element. Wack. Ereieent: (G cern | 
coulomb.) 

Electro-positive. 

Aluminium, - - 27.1 8.96 0.00009355 
Copper (Cuprous), 63.6 63.09 0.0006587 

” (Cupric), 4 »” 31.54 0.0003293 
Gold, - - -| 197.2 65.21 0.0006808 
Hydrogen, - - 1.008 (1) 0.00001044 | 
Iron (Ferrous), - 55:9 27.73 0.000289 5, 

»» (Ferric), - % 18.485 | 0.0001930 
Nickel, - - - 58.7 29,12 0.0003040 
Potassium, - : 39.15 38.84 0.000405 5 
Silver, - - -}| 107.93 107.073 | 0.001118 
Sodium, - - 23.05 22.87 0.0002387 
Zine, - - - 65.4 32.44 0.0003387 

LElectro-negative. 

Chlorine, - - 35-45 35-17 0.0003672 
Oxygen, - - 16.00 7-935 | 0.00008285 


1 Phil. Trans., Part ii., 1884. 


2 More recent determinations indicate that the correctness of the last figure in this 
quantity is not yet established. 
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The following definitions will be found useful : 

A Gram Atom of an element is a quantity of the element equal in 
grams to the number denoting its atomic weight; thus the gram atom 
of silver is 107.93 grams. 

A Gram Ion is a quantity of an ion equal in grams to the number 
denoting its combining weight ; thus a gram ion of sulphion SO, is 
96.06 grams. 

A Gram Molecule of a substance is a quantity equal in grams to the 
number denoting its molecular weight; thus a gram molecule of HCl 
is 36.458 grams. 

A Gram Equivalent is a quantity equal to a gram molecule divided 
by the valency of the compound. 


Since 0.001118 gram of silver is deposited by 1 coulomb, the 
quantity of electricity required to deposit 107.93 grams is 
107.93/0.001118=96550 coulombs.!_ The same quantity will be 
required to deposit a gram-atom of any univalent element. 
In the case of a divalent element the gram-atom will require 
(2x 96550) coulombs ; thus this quantity will be required to 
deposit 63.6 grams of copper from copper sulphate. 


EXAMPLE.—If the E.C.E. of nickel is 0.000304, calculate how much 
electricity is required to give a coating of nickel 0.1 mm. thick to a 
surface of 1000 sq. cms.? Density of nickel=8.8. 

Volume of nickel= 1000 x .oI=1I0 c.c. 
Mass ot 5 =10x8.8=88 grams. 
1 coulomb of electricity deposits 0.000304 gm. 
88 


—— = 289,600 coulombs. 
0.000304 


'. quantity of electricity required = 

Voltameters.—The accuracy with which the E.C.E.s of several 
elements are known enables the process of electrolysis to be 
used tor the measurement of current: the method is especially 
useful in the case of very weak currents. As a general rule, the 
deposition of silver or copper, or the decomposition of water 
is adopted, and the apparatus used is termed a Voltameter. 

(i) THE SILVER VOLTAMETER.—The kathode consists of a 
platinum dish, resting on a metal ring, which contains a 10% 
aqueous solution of pure silver nitrate. The anode is a circular 
disc of pure silver suspended horizontally in the solution by means 


1 Some writers apply the term /araday to this quantity of electricity. 
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of platinum wires ; the disc is wrapped in filter paper to prevent 
any disintegrated silver from falling into the dish. Currents 
up to I.5 amperes may be measured readily by this method. 

(ii) THE COPPER VOLTAMETER.—Fig. 315 represents a con- 
venient form of this voltameter ; the two outer plates of copper 
form the anode, and the 
central plate is the kathode, 
which should be much smaller 
than the anode plate. The 
plates hang from copper wires, 
C, which are supported by 
two vulcanite rods, V and 
V’. The solution used is a 
15% solution of copper sul- 
phate, to each litre of which 5 
c.c. of concentrated sulphuric 
acid haye been added. The 
cathode should be sufficiently 
large to allow 50 sq. cms. of 

Fic. 315.—A Copper Voltameter. surface for each ampere of 
current. 

(iii) THE WATER VOLTAMETER.—The mass of hydrogen 
liberated by 1 ampere in 1 second is I.044x 107° gm.; since 
the density of hydrogen 
ato” C. and 76 cms. pres- 
sure is 0.0000896, this 
mass of gas will occupy 
0.1165 cc. The vol- 
ume of oxygen liberated 
under similar conditions 
is 0.0582 c.c. Hence the 
total volume of mixed 
gases set free by rt am- 
pere in I second is 
O17A7 Gc. 

A simple form of water 
voltameter is represented 


in Fig. 316. Two platinum wires are fixed through a rubber 
stopper and terminate in platinum strips immersed in dilute 


Fic. 316.—A Water Voltameter. 
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sulphuric acid (1 to-4).1. The observed volume of gases must 
be corrected for temperature and pressure, and also for the 
vapour tension of water. It should be borne in mind that the 
gases are appreciably soluble in water; the current should 
therefore be passed through the voltameter for some time before 
the evolved gases are collected. 

Secondary Reactions in Electrolysis.—Based upon the 
fact that pure water is non-electrolytic but that the addition of 
sulphuric acid renders the water electrolytic, it is now generally 
assumed that the primary action of the current is to liberate 
hydrogen ions at the kathode and sulphion (SO,) ions at the 
anode ; a secondary action simultaneously proceeds between 
the sulphion and the water, oxygen being liberated and sul- 
phuric acid re-formed ; thus, 

SO,+H,O0=H,SO,+0. 

In the electrolysis of copper sulphate, using coffer electrodes, 
copper is deposited on the kathode, and the sulphion ions 
attack the anode reforming copper sulphate, which is dissolved 
in the surrounding water—thus maintaining the total quantity 
of the salt originally present. This effect can be observed by 
using a narrow glass vessel with a copper anode placed hori- 
zontally at the bottom, and the kathode parallel to and above it. 
Changes in the intensity of the colour indicate that the solution 
near the anode becomes more concentrated, while that near to 
the kathode becomes less so. 

With a solution of a salt of an alkali metal, such as sodium 
sulphate, Na,SO,, hydrogen and oxygen are set free at the 
kathode and anode respectively. We may assume that, initially, 
sodium and sulphion ions are liberated, and that each of these 
re-acts upon the surrounding water, forming caustic soda and 
hydrogen in the former case and sulphuric acid and oxygen in 
the latter case, thus 

Na,+2H,0=2NaHO+H,,. 
S0O,+ H,0=H,SO,+0. 

This result can be observed readily by conducting the electro- 

lysis in a narrow glass cell divided into two compartments by 


1A solution (rs°/,) of caustic soda is preferable, since, when dilute acid is used, 
there is a tendency for the oxygen to be converted into ozone. 
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a porous partition—platinum electrodes being used and the 
solution coloured with neutral litmus. 

The gases liberated in the electrolysis of hydrochloric acid 
are somewhat variable. The gas liberated at the anode consists 
of chlorine mixed with a small quantity of oxygen, and smaller 
quantities of other chlorine compounds may also be formed. 
The oxygen is due to a secondary action of chlorine on water, 
thus Cl,+ H,O=2HCl1+0. 


Commercial Applications of Electrolysis. Sodium and 
Potassium.—Previous to 1808 the caustic alkalis were supposed to be 
chemical elements, but in that 
year Davy succeeded in decom- 
posing caustic soda and potash by 
electrolysis. In his initial experi- 
ments he placed a piece of slightly 
moistened caustic soda on a plati- 
num plate connected to the positive 

Fic. 317.—Electrolysis of Caustic Soda. pole of a battery and touched the 
upper surface of the caustic with 
a platinum wire joined to the negative pole. Oxygen gas was liberated 
from the plate, and on the wire small globules of metal appeared 
which rapidly tarnished in the air and detonated when the wire was 
immersed in water. Fig. 317 represents a simpler method of con- 
ducting the experiment. Mercury is poured into a glass vessel and 
covered with a concentrated aqueous solution of caustic soda. <A 
platinum wire, joined to the negative pole of a battery of 10 or 12 
cells, dips into the mercury, the exposed portion being protected by 
insulating material. A platinum plate connected to the positive pole 
of the battery is immersed in the soda solution. The sodium forms an 
amalgam with the mercury and may be detected by its action upon pure 
water ; or the mercury may be separated by distillation in a vacuum. 

Until recently sodium and potassium were manufactured by the 
electrolysis of the fused chlorides. But this method is now almost 
completely replaced by Castner’s process, in which fused caustic soda 
is electrolysed between iron electrodes ; the metal being lighter than the 
electrolyte rises to the top and is removed from time to time. 

Caustic Soda.—The Castner process for making caustic soda and 
chlorine from common salt is an important industry in this country. 
The cell (Fig. 318) is constructed of slate and is divided into three 
compartments by vertical partitions which do not reach quite to the 
floor. The floor is covered with mercury; the end compartments 
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contain strong brine and the middle compartment contains water. 
Carbon anodes (A) are inserted through the outer walls. In the 
earliest form of the cell the mercury was used as a cathode. On 
passing a current through the liquid, chlorine is liberated in the outer 
compartments and is conducted away, while the sodium forms an 
amalgam with the mercury. One end of the cell is pivoted on a fixed 
support, and the other end rests on a revolving eccentric; in this 


LA WELLE ae LM 


Fic. 318.—The Castner-Kellner Electrolytic Cell. 


manner a slow rocking movement is imparted to the cell, thus ensuring 
a constant circulation of the mercury whereby it is brought into contact 
with the water in the middle compartment; here the amalgam is 
decomposed forming a solution of caustic soda, which is drawn off 
slowly and replaced by fresh water. In a more recent improvement, 
patented by Kellner, the E.M.F. generated in the middle compartment 
is utilised by introducing an iron cathode C into this compartment, the 
mercury thus becoming an inter- 
mediate electrode. The improved 
cell is known as the Castner- 
Kellner. 

Aluminium.— Aluminium is now 
obtained by the electrolysis of fused 
cryolite (a double fluoride of alu- | Sr ee 
minium and sodium) and alumina, 
contained in a carbon-lined iron ees | 
tank (Fig. 319) which serves as the Fic. 319. 
cathode. The anode consists of 
one or more carbon rods. The cryolite itself is not decomposed, 
but it is the dzssolved. alumina which is electrolysed. The aluminium 
is deposited on the bottom and walls of the tank; and since the 


462 MAGNETISM AND ELECTRICITY FOR STUDENTS 


temperature is about 800° C., the metal is fluid and may be tapped out. 
The carbon anodes are oxidised slowly to carbon monoxide by the 
oxygen liberated on their surface, and this contributes towards the 
temperature of the furnace. 

The Work of Electrolysis.—According to Faraday’s laws, 
one coulomb of electricity decomposes eguzvalent quantities of 
all electrolytes ; but, since these, in recombining, would develop 
very different quantities of heat, the amount of work done by 
one coulomb must vary over wide limits according to the 
electrolyte through which it is passing. This amount of work 
is equal to the product Q x E, where E is the potential difference 
between the electrodes. Hence E must vary according to the 
electrolyte. 

If Q is the quantity of electricity required to decompose one 
gram-equivalent of the electrolyte, and if g is the heat developed 
by the recombination of one gram-equivalent, then the work 
QxE joules is equal to 


QxE 
4.2 


calories=g, 


or E=(4.2 x g)/96550 volts. 
In the case of hydrogen, g is equal to 34000 therms ; hence, 
the minimum potential difference required to electrolyse water is 
4.2 X 34000 
96550 

Ionisation.—More than one theory has been offered as an 
explanation of the pheno- 
mena of electrolysis. Fig. 
320 represents the theory 
of Grotthus (1806), accord- 
ing to which the mole- 
cules of an electrolyte are, 
under normal conditions, 
arranged in a haphazard 
manner as shown in the 
top row of molecules in 
Fic. 320.—The Theory of Grotthus. the diagram—the shaded 


and clear portions repre- 
sent the kation and anion respectively. The opposite electric 


charges on the ions will cause the molecules to assume the linear 


=1.48 volt. 
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arrangement of the 2nd row when a potential difference is set up 
between the electrodes. The 3rd row shows how, if the potential 
difference is sufficiently great, the molecule next to the anode 
is decomposed, the anion portion being set free, while the kation 
portion attacks the next molecule, seizing the anion and liberating 
the kation which in turn decomposes the third molecule. This 
process extends through the liquid to the kathode, where the 
the kation portion of the last molecule is set free. 

Subsequent experiments, combined with observations on the 
phenomena of vapour pressure, osmotic pressure, and freezing 
point of solutions, have provided strong evidence in favour of 
the opinion that the molecules of a dissolved substance are in a 
physical condition different from that when the solid is anhydrous. 
For example, scarcely any transference of electricity takes place 
between platinum electrodes joined to the poles of a battery and 
immersed either in absolutely ure water or in dry hydrochloric 
acid gas ; yet a current readily traverses a solution of the gas in 
water. We may assume therefore that the molecular condition 
of the gas when dissolved in water is zo¢ the same as when the 
gas is anhydrous. On the other hand, a solution of hydro- 
chloric acid gas in chloroform is non-conducting ; hence the 
nature of the solvent plays an important part in determining 
whether the solution will or will not conduct electricity. It is 
supposed that in an electrolyte some or all of the molecules of 
the dissolved substance are broken up into their constituent 
atoms which are oppositely charged; such charged atoms are 
termed ions. According to the modern electron theory (pp. 
121 and 499) the ion of a univalent element is an atom asso- 
ciated with one too many or one too few electrons; in the 
former case it is negatively charged, and in the latter case it 
is positively charged. Similarly the ion of a divalent element 
is the atom associated with two too many or two too few 
electrons. The phenomenon of the separation of a molecule 
into oppositely charged ions is termed ionisation. 

The degree to which ionisation proceeds depends largely 
upon the concentration of the solution; itis more marked 
in dilute than in strong solutions, and it is only complete in 
solutions of extreme dilution. ‘There is reason to believe that, 
in the case of pure water, about 10~*® gram in each c.c. is 
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dissociated into ions of hydrogen and of hydroxyl. At first 
sight it may be difficult to understand how the strong chemical 
affinity between the elements is inoperative when the com- 
pound~is ionised; but, if we attribute the affinity to the 
attraction of opposite electric charges, it must be borne in 
mind that the solvent has usually a high specific inductive 
capacity and that the force of attraction in such a medium 
is inversely proportional to such capacity (p. 182). Moreover, 
the molecules of a dissolved solid have somewhat similar 
properties to those of a dry gas ; they possess a considerable 
free-path, and undergo frequent collisions, which would tend to 
break up the molecules into their constituent ions. Again, 
there would be frequent collisions between free and oppositely 
charged ions, and in a certain fraction of such cases complete 
molecules would be re-established. In this manner we are able 
to imagine a constant interchange of partners going on and the 
simultaneous existence of both complete molecules and free ions, 
This phenomenon must be clearly distinguished from that of 
chemical association : for example, in the case of ammonium. 
chloride the ions in an aqueous solution would be NH, and Cl. 
whereas dissociation breaks up the molcules into NH, and HCl. 

Assuming the truth of the ionisation theory, the introduction 
of an electric field of force within the solution will create a 
tendency for the positively charged kations to move towards the 
kathode and the negatively charged anions towards the anode. 
In this sense the effect of introducing electrodes at different 
potentials is only dzrective, and no expenditure of energy is: 
required in order to do chemical work within the solution. 
This statement is supported by the fact that if suitable terminals: 
are introduced into the electrolyte at other points than at the 
electrodes Ohm’s law is obeyed, z.e. the current between any 
two points is proportional to the potential difference ; con- 
sequently, Joule’s law will also be obeyed, and all the electrical 
energy will be converted into heat and not partly into heat 
and partly into chemical change. 


The passage of a current through an electrolyte may therefore be 
regarded as a process of convection of the oppositely charged ions. 
Also, the quantity of positive electricity conveyed by the kations is equal 
to the quantity of negative electricity conveyed by the anions, and each of. 
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these is equal to the product of the current strength and the time. If 
the total current is z, and the charge on each ion is e, the number of 
ions conveyed both to the kathode and the anode in unit time is z/e. 
Since both anions and kations may be regarded as carriers of electricity 
it might appear that ove half of the current would be carried by the 
anions and the other half by the kations; but the following argument 
will show that the physical processes taking place near to the electrodes 
are much more complicated than those taking place at the centre of the 
cell. 

Assuming that all the ions have the same velocity and equal 
charges, then across any section AB (Fig. 321) there must be a trans- 
ference of z/e ions in unit time, 
and these consist of z/2e kations 
and z/2e anions. At a section 
CD, very near to the kathode, 
z7/2e kations are brought up by 
the potential gradient and, strike 
against the kathode; but there 
are also z/2e anions which cross 
CD out of the kathode space. 
Assuming that the liquid never 
has free electrification, so that 
in a given space there must be 
the same number of positive and 
negative ions, the liberation of 
these z/2e anions necessitates the removal of the same number of 
kations from the kathode space. Hence, in this space there is a total 
loss of z/e kations, one half of these being brought up by the potential 
gradient, the remainder simply dropping out of the kathode space and 
thus setting free z/2e anions which travel across to the anode. Similarly, 
of the z/e anions striking the anode, one-half are brought up by the 
potential gradient and the remainder are taken from the liquid quite 
near to the anode. 

Ionic Charge—It has been stated already that the passage of 96550 
coulombs will liberate I gram equivalent of any element or compound 
radicle. If # is the number of H atoms in 1 gram of the gas, and if ¢ 
is the charge on each atom, then 

né =96550 coulombs. 


But recent research has proved that the hydrogen atom weighs 
1-64 x 10-*4 gm. ; hence 2=1/(1-64 x 10-*4) =6-1 x 10%. 
 @=(9-655 x 10)/(6-1 x 10%) = 1-58 x 10-19 coulomb. 
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Fic. 321. 
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Since the same quantity of electricity is conveyed by 107 grams otf 
silver, and since the silver atom weighs 107 times as much as the hydrogen 
atom, the same atomic charge of 1-58 x 1078 coulomb is present on each 
atom of silver. In fact, the same charge is conveyed by each atom of 
any univalent element. This atomic charge is in close agreement with 
that of an electron, as determined by independent methods (pp. 501, 2). 
When the normal atom of a univalent element acquires an additional 
electron, it becomes a negative-ion of that element ; but when it loses 
one electron, it is a positive-ion ; and each carries a charge equal to e. 

The negative-ion of a divalent element has two electrons more than 
the normal number, while a positive-ion has two electrons less than 
normal; and each carries a charge 2e. The charge on the ion of a 
trivalent element will be 3e. 

Ionisation, as applied to voltameters.—The ionisation theory 
enables us, in any given case of electrolysis, to anticipate how the 
current may be conducted into and from the electrolyte. Thus, the 
current may be transferred from the anode into the electrolyte by (i) 
the formation of a kation, or by (ii) the deposition and discharge of an 
anion, or (iii) by both these processes. Similarly, the current may be 
transferred from the electrolyte to the cathode by (i) zhe deposition and 
discharge of a kation, or (ii) by the formatiorz of an anion, or (iii) by 
both these processes. Thus, in the copper voltameter, since the 
electrolyte contains the divalent ions of copper and sulphion and the 
monovalent ions of hydrogen and hydroxyl, the current may be trans- 
ferred at the anode by one or more of the following processes : 

(i) Z2beration of copper ions from the anode ; 

(ii) deposttion of sulphion ions ; 

(iii) deposetion of hydroxyl ions. 
In ordinary cases the first process alone is evident, but the third process 
can be detected in the blackening of the copper plate, especially when 
the current density is abnormally high. The current may be trans- 
ferred from the electrolyte to the kathode by one or more of the 
following processes : 

(i) deposttion of positively charged copper ions ; 

(ii) TR a 3 5»  Aydrogen tions ; 

(iii) transfer of only one-half the ionic charge from divalent copper ions, 

leaving in solution monovalent cuprous tons. 


The second process is evident only when an excessive current density 
is used, and it may be minimised by keeping the electrolyte in motion. 
The third process may be present to a slight extent, and it tends to 
make the deposition of copper somewhat less than normal. 
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When platinum plates are used in the electrolysis of copper sulphate, 
the possible reactions at the anode are (i) the deposition of hydroxyl ions, 
or of sulphion ions, or of both, and (ii) the liberation of platinum ions. 
The latter effect is practically absent, and the reactions. are limited to 
the deposition of H and SOQ, ions, both resulting in the liberation of 
oxygen. The reactions at the kathode are identical with those obtained 
when a copper kathode is used. 

When dilute sulphuric acid is electrolysed between platinum plates 
the deposition of hydrogen ions is the only possible reaction at the 
kathode, and zt may be regarded, therefore, as a trustworthy means of 
current measurement, At the anode both hydroxyl and sulphion ions 
may be liberated ; but this assumes that hydrogen and sulphion are the 
only possible ions to be derived from sulphuric acid, and recent research 
has shown that it is also possible for the acid to dissociate into ions of 
H and HSO,, and the reaction at the anode may include the discharge 
of the latter ions, with subsequent combination to form persulphuric 
acid H,S,O;. If a strong solution of sulphuric acid is electrolysed the 
persulphuric acid is detected readily. For this reason the reaction at 
the anode is not trustworthy as a means of current measurement. 

Migration of the Ions.—When a solution of copper sulphate 
is electrolysed in a cell, arranged so that the copper electrodes 
are horizontal and the anode underneath, a change in the 
intensity of colour is noticeable ; the solution near to the anode 
becomes more deeply coloured, while 


that near the kathode becomes lighter. — e 
Hittorf has attributed this to a difference ne 3 

in the velocity of the ions, and the ais pte a 
change in concentration of the solution siabicaia ese 
can be readily explained if we assume -~*<_] ®°__*__ 
that the SO, ions travel more rapidly than aa lepaeacs ae 
the Cuions. It might, at first, bethought $3 '$s8 ¢5 
that the anion and kation must move at Sccps = 3 
the same speed since they are liberated 3 ° 
in chemically equivalent proportions at , 2 


the opposite electrodes : but this equiva- 
lence is maintained for any relative rate 
of motion. In Fig. 322 the black dots and circles represent 
kations and anions respectively. If the anion travels twice 
as rapidly as the kation, the arrangement of the ions after 
a short interval may be represented by the 2nd column of 


Fic. 322. 
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the diagram; three ions of each kind have been liberated, 
also five molecules remain undecomposed below the central 
line and-four molecules remain above. After a further equal 
time interval, there are four undecomposed molecules below, 
and two above, the central line. The solution near to the 
anode therefore becomes more concentrated than that near to 
the kathode. Moreover, the ratio of the molecules lost in the 
separate halves of the cell is equal to the ratio of the relative 
velocities, or 


Velocity of anion Molecules lost round kathode 
Velocity of kation Molecules lost round anode ~ 


Hence, by analysing the solution on opposite sides of the cell 


after the passage of a current, it is possible to calculate the 
ratio of the velocities of the ions. 


In order to obtain the absolute values of the ionic velocities, it is 
necessary to obtain another relation between them, and Kohlrausch has 
shown how this may be obtained from a knowledge of the conductivity? 
of the solution. If # and wv are the velocities 


Se aN of the kation and anion respectively, and if 

. Nu there are N gram molecules of copper sulphate 

erase ee eeeuine eo S per unit volume; then, assuming that the 
Nz Nv 


solution is so dilute that ionisation is complete, 
coesteeeeeee Ss Nz gram-ions of the kation and Nv gram-ions 
of the anion will in unit time cross unit area 
of any section perpendicular to the direction 
of the current and at a distance from the electrodes (Fig. 323). More- 
over, as explained on p. 465, the liberation of Nw anions from the 
kathode space necessitates the removal of the same number of kations 
from this space ; hence the quantity of the kation deposited on the 
kathode is N(#+v) gram-ions, of which Nw are moved up to the 
kathode by the potential gradient, the remainder Nv being taken from 
the kathode space. Similarly, the quantity of the anion deposited on 
the anode will also be N(#+v) gram-ions. 

Since N(w-+v). gram-ions, including anion and kation, cross unit 
area in unit time, and each gram-ion conveys 72x9655 E.M. units 


Fic. 323. 


1The conductivity may be determined by the method described on p. 329: or, the 
solution may be placed in a long trough, and the current observed by means of an 
ammeter ; the p.p, between any two points, at known distance apart, is observed 


by connecting two thin wires, which dip into the electrolyte at the points, to the 
terminals of an electrostatic voltmeter. 
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of electricity, where 7 is the valency of the ions, the total quantity of 
electricity conveyed across unit area in unit time is 


N (#+v)2 x 9655 C.G.S. units. 


The value of (~+vz) depends upon the electric force acting upon the 
ions. This force is equal to the rate of fall of potential between the 
electrodes, and may be expressed as dV/dx. Hence, if # is the specific 
conductivity, z.e. the reciprocal of the specific resistance, then, by Ohm’s 


law, 
N(u+v)2zx 9655=4. a 


If the fall of potential is 1 volt per cm. ; then dV/dx=108 c.c.s. 


units. Hence 


oe Sb oe Cor 
(4w+v)=—x—x 


N“2~ 9655 


But, if N, is the number of gram-eguivalents of the electrolyte fer 
Zitre, then N;=Nz x 10°; 


Sen (zé += x (1.036 x 107). 


The ratio 2/N, is termed the molecular conductivity: its value, for 
infinite dilution, is obtained by plotting a curve of conductivity and 
strength of solution ; from such a curve the conductivity for infinite 
dilution may be estimated. 

By measuring the specific resistance of any electrolyte Kohlrausch 
obtained values for (#+v) which, when combined with the known 
value of z#/v, enabled the absolute values of z and wv to be determined. 
The following table gives the velocities of ions in infinitely dilute 
solution, the potential-gradient being 1 volt per cm. : 


Ton. Velocity. Ton. Velocity. 

H 3.2 X10, %.em. per Sec. OH 1.82 x 107° cm. per sec. 
K 0.66 Hetss aC 0.59 nay 
Na 0.45 Pr, 4 0.61 me 
Ag 0.57 EN os i 


The student is referred, for further information on the subject matter of Chaps. 
XXIV and XXV, to the following works: Lehfeldt’s Electro-Chemistry (Long- 
mans); Whetham’s 7veatise on the Theory of Solution (Camb. Univ. Press); and 
to Walker’s Introduction to Physical Chemistry (Macmillan). 
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SUMMARY 


Definitions.—An electrolyte is a conductor which undergoes chemical 
decomposition when traversed by a current of electricity. 

The terminals, or e/ectrodes, by which the current enters and leaves 
the electrolyte are termed the avode and Aathode respectively. 

The elements, or groups of elements, liberated at the electrodes are 
termed zovs. The ion liberated at the anode is termed the azzon, and 
that liberated at the kathode is termed the Aation. 

Faraday’s Laws.—(i) Zhe mass of an ton set free by a current is 
proportional to the quantity of electricity which has passed. 

(ii) Zf several different electrolytes are included in the same circuit, the 
relative masses of the liberated tons are proportional to their chemicat 
equivalents. 

The Electro-Chemical Equivalent (E.c.E.) of an element is the weight 
in grams of it which ts liberated by the passage of 1 coulomd of electricity. 

The deposition of I gram-eguivalent of any element requires the 
passage of 96550 coulombs. 

Voltameters are instruments in which the strength of a current is 
determined by the quantity of an element liberated by the current in a 
given time. 

In many examples of electrolysis the ions initially set free by the 
current react either upon the liquid solvent or upon the electrodes and 
cause the liberation of other ions. This is termed a secondary action. 

Electrolysis is commercially applied in the manufacture of (i) Sodium 
and Potassium, (ii) Caustic Soda, (iii) Aluminium, etc. 

Ionisation.—It is now supposed that in an electrolytic solution some 
or all of the molecules of the dissolved substance are broken up into 
their constituent atoms, which are ofposttely charged; such charged 
atoms are called zo7s, and the phenomenon is termed zozsation. 

In an electrolytic cell, the quantity of positive electricity conveyed by 
the kations is equal to the quantity of negative electricity conveyed by 
the anions, and each of these is equal to the product ot the current- 
strength and the time. 

Ionic Charge.—The charge e on each monovalent ion is 10-29 
coulomb approximately. The charge on any divalent ion is 2e, and 
3¢ on any trivalent ion. 

Migration of the Ions.—When an electrolyte is placed in an electric 
field of force the ions do not always travel with the same velocity ; thus, 


in the case of copper sulphate, the SOyions travel more rapidly than the 
Cu ions. 


QUESTIONS ON CHAPTER XXIV 471 


QUESTIONS ON CHAPTER XXIV 


1. Describe a method of investigating the relation between the 
strength of an electric current and the rate of chemical change produced 
by it. 

2. How may the strength of an electric current be measured by 
means of a copper voltameter ? 

3. Is the strength of the current that passes through a simple circuit 
the same at all points of the circuit however its parts differ in resistance? 
How would you justify your answer by experiment ? 

4. Explain the term e/ectro-chemical equivalent. If 3 amperes deposit 
4 grams of silver in 20 minutes, what is the electro-chemical equivalent 
of silver? 

5. If the electro-chemical equivalent of silver is 0.01118, what is the 
E.C.E. of oxygen (Ag= 108) ? 

6. How much silver will be deposited by a current of 5 amperes in 
I minute? 

How long will it take a current of 5 amperes to deposit 5 grams of 
copper? 

7. A piece of metal weighing 200 grams is to be plated with 23% of 
its weight in gold. If the current strength is 1 ampere, how long will it 
take to deposit the required weight of gold? 

8. A tangent galvanometer and a copper voltameter were connected 
in series and included in the same circuit. A constant current was sent 
through the circuit for 30 minutes, and the weight of copper deposited 
was found to be 0.272 gram. If the deflection of the galvanometer 
needle was 30°, calculate the reduction factor of the galvanometer. 

g. A metal plate, having a surface of 200 sq. cms. is to be silver-plated. 
If a current of 0.5 ampere is used for a period of 1 hour, what thickness of 
silver will be deposited on the plate (density of silver = 10.6 grams perc.c.)? 

1o. A copper voltameter, consisting of 3 cells connected in parallel, 
is joined in series with an ammeter, an accumulator, and a variable 
resistance. After a period of 30 minutes, the increase in weight of the 
kathodes was found to be 0.763, 0.742, and 0.785 gram respectively. 
What should have been the ammeter reading ? 

11. A current is passed through a voltameter and through a coil of 
wire in series with it. If the current is altered in such a way that 
the heat produced in the coil is doubled, show what change will 
be produced in the rate at which chemical action takes place in the 
voltameter. 

12. Distinguish between the chemical and electro-chemical equivalents 
of an element. What weight of hydrogen is separated from water by the 
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passage of 1000 coulombs of electricity, given that the chemical equiva- 
lent of copper is 31.5, and its electro-chemical equivalent = 0.000328 
grams per coulomb? 

13. How long must a constant current of 500 amperes pass through 
a bath for the electrolytic deposition of copper in order to deposit 
sufficient copper to make 1 kilometre of No. 16 S.W.G. wire (diam. 
=0.163cm.)? The density of copper is 8.95 gms. per c.c. 

14. A current is measured by means of a water voltameter. The 
density of the dilute acid was 1.2 gms. perc.c. In 5 minutes 25 c.c. 
of mixed gases were collected. Assuming that the gas was saturated 
with moisture, calculate the current strength, having given that 

height of column of dilute acid =10 cms., 


density of mercury Si Sues 
reading (corrected) of barometer=75.62 cms., 
temperature of room = 2OuGa. 


vapour tension of water at 20°C. =17.4 mm. 

15. A Daniell’s cell has an E.M.F. of 1.07 volts, and its internal 
resistance is 2ohms. Its terminals are connected by two wires in parallel 
of 3 and 4 ohms respectively. If the electro-chemical equivalent of 
copper is 0.000328 grams per coulomb, calculate the quantity of 
copper deposited in the cell; and also calculate the heat developed 
(a) in the cell, (4) in each of the wires, during one hour of working. 

16. A tangent galvanometer has a current passed through it which 
deflects it 45°.. The same current passes through a copper voltameter, 
where it deposits 0.3 gram of copper in 30 minutes. If the electro- 
chemical equivalent of copper is 0.00033 gram/ampere-second, find the 
value of the current, and show how to determine the current for any 
other reading of the galvanometer. 

17. A current of electricity driven by an electromotive force of 
10 volts traverses a water voltameter in which there is a resistance 
of 2 ohms and a back electromotive force of 1.5 volts. Calculate the 
weight of hydrogen, and the number of calories developed in the volta- 
meter per hour, assuming the resistance of other parts to be negligible. 
[The electro-chemical equivalent of hydrogen is 0.000010384 gram per 
coulomb, and the mechanical equivalent of one calorie is 42,000,000 
cm.? gm.! sec. ~?,] 

18, An E.M.F. of 3 volts is required to force a current of 1 ampere 
through a voltameter containing acidulated water. If the work re- 
quired to separate one gram of hydrogen is 142,000 watt-seconds, and 


the electro-chemical equivalent of hydrogen is 0.00001035, find the 
resistance of the voltameter. 


CHAPTER XXV 


THEORY OF THE VOLTAIC CELL. POLARISATION. 
ACCUMULATORS 


Osmotic Pressure.—If a layer of pure water is poured carefully 
on to the top of an aqueous solution of a soluble solid, ¢.g. copper 
sulphate CuSO, contained in a glass cylinder, the molecules of 
the sulphate will diffuse gradually into the pure water; this 
process continues until the concentration of the solution is 
uniform. The same transfer occurs even when the water and the 
solution are separated by a porous membrane which allows the 
transference through its substance of molecules both of water 
and of the sulphate. Jf a membrane ts used which is permeable 
to pure water alone, and if it completely surrounds the solution 
of sulphate, then pure water will diffuse inwards more rapidly 
than water permeates outwards ; if the partition is mechanically 
weak, this process may continue until the internal pressure is 
sufficiently great to break it. The phenomenon is termed 
osmosis. Ifa manometer is connected to the vessel the pressure 
gradually increases to a maximum value when the pressure due 
to the manometer just balances the excess of pressure from the 
outside of the vessel. The pressure measured by the mano- 
meter would be termed the osmotic pressure of copper sulphate. 

This may be explained more clearly in the following manner : 
The rate of diffusion of the molecules of any given substance 
depends directly upon the pressure exerted by that substance 
upon the permeable membrane. The total pressures on each 
side of the partition are initially equal; that on the outside is 
due entirely to water molecules, but that on the inside is due 


H.M. Q 
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partly to water molecules and partly to molecules of the sul- 
phate; the difference in pressure exerted by the waver on 
opposite sides of the membrane will be equal therefore to the 
pressure of the sulphate molecules. Hence, water will diffuse 
inwards more rapidly than it will diffuse outwards; and the 
process will continue until the hydrostatic pressure of the 
manometer balances the difference of pressure of the water 
molecules on opposite sides of the partition. The manometer 
thus indicates the magnitude of the partial pressure due to 
the copper sulphate molecules. 
Observations on osmotic pressure suggest that the molecules 
of a dissolved solid have properties resembling those of a gas. 
Electrolytic Solution Pressure. Electrode Potentials. — 
When a solid is in contact with a saturated aqueous solution of 
the same solid, its mass remains unaltered. We may regard 
this condition of equilibrium as the balancing of two opposite 
effects, viz. the osmotic pressure of the dssolved solid and the 
tendency of the molecules of the solid to enter the solution ; the 
latter may be termed the solution pressure, or 
the tendency to pass into solution, of the solid. 
If a zinc plate is immersed in a solution of 
zinc sulphate o apparent loss or gain in the 
weight of the zinc ts detected, whatever the 
concentration of the solution, but a potential- 
difference is set up between the metal and the 
solution.! We may suppose that, in the first 
instance, the solution-pressure of the zinc is 
greater than the osmotic pressure of the zinc 
ions in the solution, and that some zinc ions, 
which are of course positively charged, proceed 
from the plate into the solution, so that the 
iis. 14 plate and the solution become charged nega- 
tively and positively respectively. There is 
thus. formed an electrical double layer (Fig. 324) at the surface 
of separation between the metal and the electrolyte ; and the 
intensity of this electrical field will increase until it is sufficient 
to prevent the transference of any more positively charged zinc 


GL A 
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1It has been calculated that the p.p. observed in the case of zinc and zinc sulphate 
would be obtained by the oxidation of 5.5 x 10-8 gram of zinc per sq. cm. 
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ions from the metal. The solution-pressure of the metal is 
balanced therefore by the combined effects of the osmotic 
pressure of the metal-ions in solution and of the electrical 
double layer. The whole process is restricted to a layer of 
liquid of molecular thickness, and, as stated above, it is quite 
impossible to detect the small amount of chemical change 
involved. Nernst has applied the term electrolytic solution 
pressure to the special cases of metals immersed in an 
electrolyte. 

In the previous paragraph we have only considered a case in 
which the solution-pressure is greater than the osmotic pressure 
of the ions of the metal in the solution. If the reverse is the 
case, and the osmotic pressure is greater than the solution- 
pressure of the solid metal, ions of the metal will be deposited 
on the solid metal, and the plate and solution will be charged 
positively and negatively respectively. Thus, an electric double 
layer, opposite in sign to the previous case, is set up and will 
prevent the further deposition of metal. This condition is 
obtained when a copper plate is immersed in a solution of 
copper sulphate. In special cases where the solution-pressure 
and the osmotic pressure are equal, no electrical double layer 
is formed. 

The formation of an electrical double layer constitutes a 
difference of potential between the metal and the electrolyte in 
which it is immersed, and a P.D. of this nature is termed an 
electrode potential. Moreover, the electrode potentials between 
metals and solutions form the basis of the electro-inotive-force of 
all voltaic cells. 

Measurement of Electrode Potentials.—In order to 
measure an electrode potential it is necessary to add another 
metal contact, and sometimes another electrolyte also, in order 
to connect the combination to the electrometer or other equip- 
ment for measuring the P.p. The P.D. measured is therefore 
the resultant of ‘Aree contacts; but that between the two 
electrolytes, especially if they have approximately equal ionic 
velocities or have equi-molecular concentrations, may be dis- 
regarded. Also, the P.D. between various metals may, for 
reasons explained on p. 485, be disregarded. Hence it is only 
necessary to use a s/andard electrode, of constant and known 
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P.D., or an electrode of negligible P.D. The latter is obtained 
by means of mercury which is allowed to flow from a narrow 
jet in©a stream of rapid drops into an electrolyte: at the 
surface of contact the mercury will have positive potential as 
compared with the electrolyte, and as each drop forms it will 
take positive electricity from the mercury in order to form the 
electrical double layer ; this, if the stream of drops is sufficiently 
rapid, will maintain the mercury at the same potential as that of 
the electrolyte. 

As an alternative, the combination metal / electrolyte | mercury 
could be used, since the P.D. due to the electrolyte | mercury 
contact could be measured by means of Lippmann’s Capillary 
Electrometer (described in the next section). The following 
table gives the P.D. obtained at the surfaces of contact of 
different metals in zormal solutions, the potential of the liquid 
being zero. 


Mictal’ ope ries SPS 
int 
Zines sa 2 —0.62 —0.54 
Copper . : +0.46 +0.35 
Silver. : +0.73 +0.57 
Mercury : +0.86 +0.57 


Lippmann’s Capillary Electrometer.—Fig. 325 represents a 
convenient and simple form of Capillary Electrometer. It con- 
sists of two glass vessels @ and 6 connected by a capillary 
tube c. Mercury is poured into d@ and 4, and 4 is then nearly 
filled with dilute sulphuric acid. Contact is made with the 
masses of mercury by means of platinum wires ; the one lead- 
ing into 4 is protected from contact with the acid by being fused 
into a glass tube. The angle of slope of ¢ is adjusted by 
attaching it to a wooden strip, as shown. A millimetre scale is 
fixed below the capillary tube. The position of the mercury 
meniscus in ¢ depends upon the surface tension of mercury in 
contact with sulphuric acid ; and the surface tension is balanced 
by the hydrostatic pressure of the mercury ind. If the surface 


CAPILLARY ELECTROMETER a7 
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tension is increased the meniscus moves to the left, and if 
diminished it moves to the right. 

According to Helmholtz, the p.p. at the surface of contact 
of mercury and acid must cause an electrical double-layer 
distributed over the contact surfaces, the mercury being positive 
and the acid negative. Each surface, owing to the self-repulsion 
of its charge, tends to expand and therefore to neutralise the 
true surface tension. If, by external means, the P.D. between 
the mercury and acid is zucreased, the surface tension will be 
reduced still further and ¢he meniscus will move to the right. 


Fic. 325.—Lippmann’s Capillary Electrometer. 


On the other hand, if the P.D. is amznished the surface tension 
will increase and the meniscus will move to the left; a point is 
reached finally when the double layer is neutralised exactly, and 
the surface tension will have its maximum value: with a further 
diminution of P.D. a reversed double layer is formed and the 
surface tension again diminishes. The P.D. between mercury 
and any electrolyte may be measured therefore by connecting 
the mercury to the negative terminal and the acid to the posi- 
tive terminal of a source of known E.M.F., and observing the 
magnitude of the E.M.F. required to give a marimum surface 
tension to the mercury. 

This type of electrometer has the special merit of being 
insensible to electric and magnetic disturbances. It is usually 
used as a zero instrument, z.e. for verifying the equality of 
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opposing E.M.F.’s, as in the potentiometer method of com- 
paring the E.M.F. of cells. On the other hand, by previously 
calibrating the instrument it may be used for determining the 
actual magnitude of an E.M.F. 

The Electro-motive Force of Cells.—The Zlectro-motive 
force of a cell is equal to the algebraic sum of the differences of 
potential occurring at all the surfaces of contact of the materials 
constituting the cell. Two examples of this will suffice to explain 
the principle. Thus, in the simple 
voltaic cell (Fig. 326), consisting of 
zinc and copper plates immersed in 
dilute sulphuric acid, there are two 
surfaces of contact, viz., copper/acid 
and acid/zinc. The potential differ- 
ence due to the former is equal 
to +0.46 volt, and that due to the 
latter is equal to +0.62 volt ; the sum 
of these, 1.08, approximates closely to 
the E.M.F. of the cell as observed in practice. Again, in the 
Daniell cell the E.M.F. is due to four surfaces of contact, viz., 
Cu/CuSO,, CuSO,/ZnSO,, ZnSO,/Zn, and Zn/Cu. Of these the 
contacts CuSO,/ZnSO, and Zn/Cu may be disregarded, since 
the potential difference in each case is extremely small. The 
contacts Cu/CuSO, and ZnSO,/Zn are both equal to +0.52 volt 
approximately, and the resultant E.M.F., 1.04 volt, agrees fairly 
well with the observed value. 

The Source of the Energy of the Current from a Cell.— 
It is now necessary to consider the source of the energy of the 
current derived from voltaic cells. It may be stated generally 
that the energy is derived from the chemical changes which 
occur inside the cell, although there are certain exceptional cases 
in which this general statement requires modification. The 
question is whether, in any typical case, the energy represented 
by the heat generated by a chemical change in which no elec- 
tricity is developed is equal to the energy of the current obtained 
when the whole of the chemical action is used in generating 
electricity. In the Daniell cell the chemical changes are 
(i) the action of zinc on sulphuric acid, with liberation of 
hydrogen, (ii) the action of hydrogen on copper sulphate, with 
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liberation of copper. In the following equations the symbol Aq 
attached to a formula indicates that the compound is in the form 
of an aqueous solution ; this is important since the solution of 
substances is nearly always accompanied by thermal changes. 
The following thermal data!, which have been obtained experi- 
mentally, assume that 65 grams of zinc are dissolved in the 
sulphuric acid. 
(i) Zn + H,SO,Aq=ZnSO,Aq + Hy, 
Formation of ZnSO,Aq=248,500 calories generated. 
Decomposition of H,.SO,Aq =210,900 calories absorbed. 


Heat generated= 37,600 calories. 

(it) H,+CuSO,Aq=H,.SO,Aq + Cu. 

Formation of H,SO,Aq =210,g00 calories generated. 
Decomposition of CuSO,Aq= 198,400 calories absorbed. 
Heat generated= 12,500 calories. 

The total heat generated by the solution of 65 grams of zinc is 

therefore 37,600 + 12,500=50,I00 calories. 
. heat generated by the solution of one electro-chemical 
equivalent of zinc (32.44 x 1.044 x 10- gram) is 
50,100 X 32.44 X 1.044 X 107° 
65 
or, since I calorie is equivalent to (4.2 x 10’) ergs, 
=(.261 x 4.2 X 107) =1.09 x 107 ergs. 

But the solution of this quantity of zinc is accompanied by the 
transference of 1 coulomb, or o.1 C.G.S. unit, of electricity ; and 
the electrical work done=(E x q) C.G.S. units. Hence, 

ExOe! = 1.09/10" 
*, E=1.09 x 108 C.G.S. units= 1.09 volt. 


0.261 


Polarisation.—When an electric current is passed between 
two platinum plates immersed in dilute sulphuric acid the cur- 
rent rapidly diminishes, and if the E.M.F. of the battery ts 
below.a certain value the current may cease completely. If the 
circuit is now broken and the plates quickly short-circuited 
through a galvanometer, a current is observed to pass through 


1Qstwald’s Principles of General Chemtistry (Macmillan). 
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the cell in an offosite direction to that due to the battery. The 
E.M.F. between the platinum plates, immediately after break- 
ing the>circuit, is equal to 1.47 volts; consequently it is 
impossible to decompose water with a voltaic cell of smaller 
E.M.F. than 1.47 volts. The platinum plates are said to be 
polarised, and the effect is due to the oxygen and hydrogen 
accumulated on and absorbed by the 
plates. We may assume that, after 
disconnecting the battery, positively 
charged hydrogen ions proceed from 
the kathode, leaving it negatively 
charged; also that negatively charged 
oxygen ions proceed from the anode, 
leaving it positively charged. Hence 
the current will pass through the outer 
circuit from the anode to the kathode. 
Fig. 327 represents a method of 
observing the reverse current due to 
polarisation ; in the first instance the movable arm S of the 
switch is in the lower position ; the battery is then disconnected 
and the cell C joined up to the galvanometer by moving S into 
the upper position. 

The measurement of the E.M.F. of polarisation is difficult, 
since it rapidly diminishes after the circuit is broken ; in fact, 
the form of the discharge curve closely resembles that obtained 
by the discharge of a Leyden jar through a high resistance 
(Fig. 358, p. 541). For this reason the measurement can be 
made only with the aid of a rapidly moving commutator which 
alternately connects the cell to the battery and to a quadrant 
electrometer ; the cycle of operations should be performed at 
the rate of at least 100 per second to ensure trustworthy 
results. 

It has been stated previously (p. 467) that a difference of con- 
centration is set up in a solution of copper sulphate when 
electrolysed between copper terminals, and that this is due to a 
difference in the velocities of the Cu and the SO, ions. This 
difference in concentration gives rise to a small reverse E.M.F. 
due to two solutions of different concentration. Such a polarisa- 
tion effect would be absent only if the ionic velocities were the 
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same. The same remarks would apply to the electrolysis of a 
solution of zinc sulphate between zinc terminals. 

Secondary Cells, or Accumulators.—When dilute sulphuric 
acid is electrolysed between lead plates the anode becomes 
coated with lead peroxide, PbO,, while the kathode remains 
unaltered. On breaking the circuit, and connecting the ter- 
minals by a wire, a folarisation current is obtained which 
passes through the cell in the reverse direction to that of the 
charging current. An arrangement of this kind is termed a 
Secondary Cell The original type of this cell, devised by M. 
Planté, consisted of two sheets of lead rolled up together and 
separated by felt or similar material. Frequent charging and 
discharging results in the formation of porous or spongy lead 
on the surface of the plates, thus increas- 
ing the amount of available surface. With 
a view to accelerate this process of forming 
the plate, M. Faure coated the lead plates 
with a paste of red lead, Pb,O,, and sul- 
phuric acid, which react to form lead 
sulphate ; on charging the cell the anode 
is oxidised to PbO, and the kathode is 
reduced to spongy lead. It was found 
difficult to make the paste adhere and the 
chief modern improvements have been 
introduced to ensure a more permanent attachment of the 
paste. Fig. 328 represents the form of lead grid, now used 
in a leading type of modern accumulator, the paste being 
firmly pressed into the spaces. The paste now generally 
used for the negative plates is a mixture of litharge PbO 
and sulphuric acid, and a mixture of red lead and acid is 
used for the positive plates; in both cases lead sulphate is 
formed. 

The reactions which take place during the forming of the 
plates is as follows: 


At anode: PbS0,+SO,+2H,O =Pb0,+2H,SO,. 
At kathode = PbsSO, + H, =Pb + H,SO,. 


During the discharge of the cell, the surface of the anode is 


reduced to PbO and finally to PbSO,; the kathode is at the 
H.M. Q2 
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same time converted into PbSO,. These changes: may be 
represented in a symbolic manner thus : 


PbO, | 2H,SO, (Pb changes to PbO, | H,O, H,SO,, | PbSO,, 
and finally to PbSO, | 2H,O | PbSO,. 


The voltage of an accumulator is about 2.2 volts when fully 
charged, and it is detrimental to the life of the cell to allow the 
voltage to fall below 1.8 volt. When the cell is charged fully 
the acid should have a density of about 1.20, and this gradually 
falls during discharge to about 1.17. 

The capacity of a cell or battery of cells may be expressed in 
ampere-hours, which is equal to the product of the total discharge 
current which may be taken safely from 
a fully charged cell and its duration in 
hours. Or, we may refer to the energy- 
capacity of the battery in terms of £z/owatt- 
hours, which involves both the voltage 
and the current. The capacity of a cell 
depends, of course, upon the number and 
size of the plates. Cells are made usually 
with several positive and negative plates 
arranged alternately and close together, 
the two outer plates always being nega- 
tive. Fig. 329 represents a typical modern 
storage cell. 

The efficiency of a cell is the ratio of the 
discharging capacity to the charging capacity. The maximum 
available energy is about 80% of that spent in charging, and 
this is obtained only providing that the discharge takes place 
slowly and soon after the charging. 

Edison’s Accumulator.—A type of accumulator has been 
introduced recently by Mr. Edison in which the positive and 
negative plates consist of finely divided iron and of nickel 
peroxide respectively. The grids or frames supporting these 
consist of shallow pockets of thin perforated steel. The plates 
are immersed in a 20% solution of caustic potash contained in a 
nickel-plated steel box. The weight-effictency of the cell, or the 
ratio between the discharging capacity and the weight, is stated 
to be about 13 or 14 watt-hours per pound-weight of cell, which - 
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is somewhat greater than the weight-efficiency of the lead- 
plate accumulator. 

The Contact Theory of E.M.F.—Fig. 330 represents an 
experiment carried out by Lord Kelvin many years ago. Two 
semicircular plates of copper and 
zinc are placed horizontally with 
their straight edges parallel and 
nearly touching, and a light metal 
vane is suspended at the point 
A and symmetrically over the 
plates. If the vane is charged 
positively, and the plates con- 
nected together by a wire the 
vane moves towards the copper plate. This effect was attri- 
buted to a ¢rue contact potential-difference between the copper 


Fic. 331.—Demonstration of Contact Potential-difference. 


and the zinc, and subsequent experiments proved that the 
P.D. was equal to about 0.8 volt. The same effect may be 
observed by means of a condensing electroscope arranged as 
in Fig. 331. A and B are two discs of brass (about 20 cms. 
diameter) insulated by rods of vulcanite and separated by a 
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sheet of paraffined paper. The plate B is connected to a gold- 
leaf electroscope, the disc of which has been removed and 
replaced by a binding-screw ; the plate A is earth connected. 
If a slight charge is given to B no divergence of the leaves is 
observed; but if A is raised, the potential of B will be 
increased and the leaves will diverge. 


Expt. 77. Obtain two flat discs of zinc and copper (5 cms. diameter) 
each with a vulcanite handle. Connect the copper disc to earth. 
Holding each disc by its handle, bring them into contact, raise the zinc 
disc until it touches B, and bring it back into contact with the copper 
plate. Repeat this several times. Raise A, and observe the divergence 
of the leaves. Remove A completely and verify that B has a positive 
charge. Discharge the condenser and invert the copper and zinc discs. 
Repeat the experiment, and verify that B now has a negative charge. 


By means of an experiment of this nature Volta, in 1801, 
found that a list of elements—known as Vol¢a’s Series—could be 
drawn up such that any metal acquires a positive charge when 
touched by a metal lower in the series, and a negative charge 
when touched by any metal preceding it. The series is as 
follows :—Zinc, Lead, Tin, Bismuth, Antimony, Iron, Copper, 
Silver, Carbon. 

Lord Kelvin also observed, with the apparatus represented in 
Fig. 330, that when the copper and zinc plates are not quite in 
contact but connected together by a drop of dilute sulphuric 
acid the suspended vane does not tend to move from its normal 
position. It was concluded from this that the true seat of the 
E.M.F. of a cell is at the surfaces of contact of the metals—a 
principle which is termed the Contact Theory of E.M.F. Such a 
conclusion does not deny the presence of a P.D. at the contact 
surfaces of the acid with the copper and zinc respectively ; but if 
such potential differences do exist the numerical values of these 
must be the same in order to cause no movement of the vane. 
Evidence of a P.D. between zinc or copper and dilute sulphuric 
acid may be obtained with the aid of the condensing electroscope 
(Fig. 331) by substituting for the lower metal plate a piece of 
filter paper moistened with the acid and spread on a sheet of 


glass ; the zero potential of the acid may be ensured by touch- 
ing it with the finger. 
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On the other hand, the Chemical Theory of E.M.F. suggests 
that in Kelvin’s experiment allowance has to be made for the 
fact that the plates are in contact with air, the oxygen of which 
behaves as an electrolyte and establishes a P.D. between the 
plate and the air near to it. According to this theory, if we 
assume that the oxygen molecule consists of two atoms equally 
and oppositely charged and that some of the molecules are 
dissociated, some of the negatively charged atoms combine with 
the metal, and give up their charge to it, thus setting up an 
electric field at the surface of contact, the air being positively 
charged and the metal negatively charged. The effects would 
be the same both with zinc and with copper, but more pro- 
nounced in the former case. Moreover, if the two metals are 
in contact, their potentials would be practically the same, while 
the P.D. at the air/zinc contact would be greater than that at the 
air/copper contact ; hence the air near to the zinc is at a higher 
potential than that near to the copper, consequently an electric 
field is set up in the air, and a positively charged conductor 
will tend to move towards the copper. 

According to the contact theory, as previously stated, there is 
no P.D. between a zinc and a copper plate immersed in acid 
because there is no metallic 
contact. But, according to 
the chemical theory, there is a 
P.D. of about 1 volt between 


the plates, but no apparent 77 
Y 


P.D. between the air in contact 


with the copper and that in Oy 
contact with the zinc, because 
the air behaves towards the LA 


metals in the same way as the Biers. 
acid (Fig. 332). 

Supporters of the contact theory maintain that the energy 
represented by the P.D. set up at the surface of contact is derived 
from the heat in the metals, but it is difficult to reconcile the 
idea of a P.D. of about 1 volt with the experimental results 
deduced from observations on the Peltier Effect, which is a true 
contact P.D. The data on p. 366 indicate that the true contact 
P.D. between zinc and copper only amounts to about 0.58 x 1o-* 
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volt. On the other hand, if the energy is derived from the 
oxidation of the zinc, the quantity of zinc required to produce 
the observed effects is excessively small. Thus, the quantity Q 
of electricity required to charge the condenser used in Expt. 77 
to a P.D. of 1 volt may be calculated, and the weight of zinc 
which must be oxidised to produce this quantity can be deter- 
mined by means of the electro-chemical equivalent of zinc. 
If the radius of the condenser is Io cms., and the distance 
apart of the plates is 1/100 cm., then the capacity C of the 
condenser is 


af We 00 
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But V=1 volt =1/300 electrostatic unit ; 
“ Q=C x V=2500/300=8.3 electrostatic units. 


The weight of zinc required to produce 9655 C.G.S. units, or 
9655 x 3x10! electrostatic units, is 32.7 grams. Hence the 
weight required to produce 8.3 electrostatic units is 


837 58.3 


9655 x 3x 100 9-37 x Io 8 gram. 


SUMMARY 


Osmotic Pressure.—If two different liquids are separated by a 
permeable diaphragm the quantities of the liquids passing in opposite 
directions through the membrane are unequal. This phenomenon is 
termed osmosis, and is attributed to the different osmotic pressures 
characteristic of the liquids. If an aqueous solution of a crystalline 
solid is contained in a semi-permeable vessel (z.e. one which is permeable 
to pure water only) which is immersed in pure water, more water 
diffuses inwards than outwards, and the increase of the internal pressure 
may be measured by a manometer connected to the interior. The 
hydrostatic pressure observed represents the osmotdc pressure of the 
dissolved solid. 

Electrode Potentials.—The ions of a zinc plate, immersed in a 
solution of zinc sulphate, exert a certain solution-pressure (or, tendency 
to pass into solution) ; on the other hand, the zinc ions in the solution exert 
osmotic pressure and tend to become deposited on the plate. Since 
the ions which enter the solution are charged positively, the plate and 
the ‘solution become charged negatively and positively respectively ; 
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and an electrical double layer is set up which tends to stop the further 
transference of ions. The solution pressure is then balanced by the 
osmotic pressure and the electrostatic field of the double layer. The 
potential difference thus established between a metal and an electrolyte 
is termed an electrode potential. 

An electrode potential can only be measured by introducing another 
surface of contact between a metal and the same or another electrolyte ; 
but this surface of contact may be chosen so as to have a P.D. which is 
either negligible or known with considerable accuracy. Either of these 
conditions is obtained by the use of mercury. 

Lippmann’s Capillary Electrometer consists of mercury in contact 
with dilute sulphuric acid, both liquids being contained in a capillary 
glass tube. If a potential difference is set up at the surface of contact 
by connecting the two liquids to an external source of E.M.F. an alteration 
in the surface tension results and the surface of contact moves along the 
tube to an extent depending upon the magnitude of the applied E.M.F. 

The Electromotive force of a voltaic cell is equal to the sum of the 
electrode potentials at the several surfaces of contact which constitute 
the cell. 

E.M.F. of a cell calculated from the chemical changes taking 
place within it.—In certain cases, the E.M.F. of a cell may be 
calculated by applying the principle that the heat generated by a 
chemical change in which no electricity is generated is equivalent to 
the energy of the current obtained when the whole of the chemical 
action is used in generating electricity. 

Polarisation is the term applied to the E.M.F. observed between two 
plates of platinum, or other metal immersed in acid, immediately after the 
plates are disconnected from an external source of E.M.F. The maxi- 
mum polarisation observed with platinum plates immersed in dilute 
sulphuric acid is 1.47 volt. 

-A secondary cell (or accumulator) usually consists of two lead 
plates (or a series of which alternate plates are connected together) 
immersed in dilute sulphuric acid. 

The Contact Theory of E.M.F.—According to the contact theory, 
the energy represented by the P.D. set up at the surface of contact of 
two metals, ¢.g. zinc and copper, is derived from the heat in the metals. 
On the other hand, the chemical theory attributes the P.D. to the _ 
fact that the metals are in contact with air, the oxygen of which 


behaves as an electrolyte. 
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QUESTIONS ON CHAPTER XXV 


1. Two clean zinc wires dip into a solution of sulphate of zinc and are 
respectively connected to the poles of a Daniell cell. What occurs? 
The liquid is then replaced by water acidulated with a little sulphuric 
acid. What occurs? The wires are then replaced by platinum wires. 
What occurs P 

2. A battery of two Daniell’s cells is used to send an electric current 
through an electrolytic cell, containing water acidulated with sulphuric 
acid, by means of two platinum plates A and B, the current entering 
by the former and leaving by the latter. After a time the battery is 
removed ; and on connecting the electrolytic cell with a galvanometer 
it is found that a current is given out by the cell. Describe and explain 
what has happened in the cell and in which direction this current flows. 

3. When currents are led by means of a pair of electrodes through 
an electrolyte, there frequently occurs a phenomenon called polarisation 
of electrodes. In what way does such polarisation depend on the size 
of the electrodes, on the strength of the current, and on the time that 
the current has been flowing ? 

4. A small accumulator has a capacity of 14 ampere-hours. 
What is theoretically the least weight of PbO, on its positive plates ; 
given that the PbO, is reduced to PbO and that (a) the electro-chemical 
equivalent of hydrogen is 0.00001038 grams per coulomb; (4) the 
atomic weight of lead is 207, and that of oxygen 16? 

Calculate how much heat is evolved during the whole discharge 
of this cell through a total resistance of 10 ohms, the average electro- 
motive force being taken as 2 volts. 

5. Give a general account of the chemical changes which occur in a 
storage cell during charge and discharge. 

6. How do you explain the circumstance that in the electrolysis of 
a solution of sulphate of copper there is hardly any polarisation if a 
copper anode is used? How is it ascertained that the transfer of 
copper ions in one direction and of the corresponding SQ, ions in the 
other are not accomplished at equal rates? Why would you expect 
some slight polarisation even with a copper anode ? 

7. How do you account for the fact that an E.M.F. of about 14 volts 
is needed to electrolyse water at an appreciable rate? An accumulator, 
2 volts E.M.F., maintains a current in a circuit of total resistance 2 ohms. 
An electrolytic cell with back E.M.F. 1.5 volts is then inserted, the 


resistance being adjusted again to 2 ohms. Compare the currents and 
the rate of working in the two cases. 
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8. Calculate the minimum E.M.F. necessary in order to decompose 
water, given the electro-chemical equivalent of hydrogen =. OQOOOT05 
gm./ampere-second, the heat yield of I gm. of hydrogen in combining 
to form water = 34500 calories, J =42 x 10° ergs, 1 watt = 10’ ergs/second. 

g. Explain how it is possible to calculate approximately the E.M.F. 
of a cell if we know the chemical actions occurring in it, and their heat 
equivalents. 

The electro-chemical equivalent of zinc is 0.00034 gram/ampere-second. 
Find the cost of the zinc used in a primary battery for each horse-power 
per hour, if zinc is pence per kilogramme, and if the cell in which 
the zinc is used gives V volts [746 watts=1 H.P.]. 

10. Describe generally the action which takes place in a lead storage 
cell during charge and discharge. 

11. What do you mean by ionic velocities in electrolysis ? 

Explain how the ratio of the velocities of the ions of an electrolyte 
may be measured. 

12. Show that the electromotive force of a voltaic cell may under 
certain conditions be calculated from thermo-chemical data. 


CHAPTER XXVI 
THE DISCHARGE OF ELECTRICITY THROUGH GASES 


Phenomena of Discharge through a Rarefied Gas.—The 
discharge of electricity through a rarefied gas is observed by 
ccnnecting metal electrodes, fixed inside the ends of a long glass 
tube connected to an air pump, to the terminals of an induction 
coil, the spark-gap of which is 3 or 4 inches long and forms an 
alternative path to the discharge. At first the whole of the dis- 
charge passes across the spark-gap ; but, if the air is rarefied 


Fic. 333: 


partially, luminous streamers appear inside the tube, and the 
discharge across the spark-gap ceases. As the rarefaction in- 
creases the following phenomena are observed : 

(i) The tube is filled with a crimson luminous column, which 
may extend along the entire length between the electrodes, or 
perhaps only from the anode nearly to the kathode—'it is called 
the positive column (Fig. 333); also the spark-gap may be 
reduced to a fraction of an inch without any spark passing, 
which shows that the rarefied gas is now a good conductor. 

(ii) The crimson colour disappears, and the column breaks up 
transversely into luminous discs or striae; also a dark space, 
called Faraday’s dark space, appears near to the kathode, which 
is itself covered with a luminous glow. 
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(iii) The striae thicken, the Faraday dark space becomes less 
distinct, and the luminous glow separates from the kathode, 
leaving a second dark space, known as Cvookes’s dark space, 
round the kathode. This condition of the tube is shown in 
Fig. 334, in which F and C are the Faraday and Crookes dark- 


FIG. 334. 


spaces, and P is the positive column. The conductivity is now 
less than before, and the spark-gap must be lengthened. 

(iv) The glow disappears, the tube is filled with the Crookes 
dark space, and a phosphorescent light is distributed over the 
surface of the glass. The colour of the phosphorescence depends 
upon the composition of the. glass ; thus, it is bright green with 
soda glass and blue with lead glass. The most favourable pres- 
sure for this effect is one millionth part of one atmosphere. 

(v) The resistance becomes extremely high, and the discharge 
can be made to traverse the tube only with difficulty. 

It is interesting to note the effect of a transverse magnetic 
field on the luminous discharge through a comparatively low 
vacuum similar to the condition described under the heading (i) 


fire 
FIG. 335- 

of a previous paragraph. The effect on the path of the dis- 
charge resembles that which would be observed if the electrodes 
were joined by a fexzble conductor traversed by a current from 
the positive to the negative electrode. The direction of the 
deflection can be pre-determined by applying Fleming’s J/éf¢- 
hand rule (p. 262). It will be observed that, the discharge is 
deflected only where it is traversing a strong magnetic field, and 
that it resumes its undeflected path on either side of the field. 
Fig. 335 represents the effect due to a horse-shoe. electro- 
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magnet placed immediately below the tube. In Fig. 336 the 
polarity of the magnet has been reversed. This phenomenon 
should be compared with the deflection of £athode rays (p. 494) 
in a magnetic field, in which case the deflection is permanent 
and can be observed by means of a comparatively weak field. 
Kathode Rays.—When the degree of exhaustion within a 


vacuum tube is such that the glass walls are phosphorescent, the - 


conditions are those which have been investigated fully by 
Crookes, Lenard, and others. Although the dark space is in- 
visible, yet the effects obtained by introducing other bodies within 
the space proves that it has properties which are expressed by 
saying that it is a region of 4athode rays. The phosphorescent 
light on the glass surface was observed first by Pliicker, in 1859. 
Goldstein, in 1876, observed that a shadow of a solid object 


placed within the tube is thrown upon the glass surface ; for 
this reason he regarded the discharge as /ransverse ether waves 
inside the tube. 

In 1879 Sir W. Crookes carried out a remarkable series of 
experiments on the electric discharge through high vacua, and 
revived the theory that “in these phenomena the particles con- 
stituting the kathode stream are not solid, liquid, or gaseous, but 
that they consist of w/tra-atomic corpuscles, much smaller than 
the atom, which appear to be the foundation stones of which 
atoms are composed.” -In fact, Crookes concluded that this 
radiant form of matter was really a fourth state of matter, and 
quite distinct from the solid, liquid, and gaseous states.1_ Most 
of the properties of the kathode rays described in subsequent 
paragraphs were first announced by Crookes. 

Shadows cast by Kathode Rays.—A mica cross fixed inside 
the tube transversely to the rays throws a shadow on the extreme 

1A full description of the experiments by which Crookes was led to this conclusion 


is given in the Journal Inst. Elect. Engin., vol. xx., 1891, and in the Electrician, 
vol. xxvi., 1891. 
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end of the tube (Fig. 337); and even if the cross is fixed near to 
a kathode of considerable area the shadow is still well defined, 


which proves that she 
rays are emitted along 
lines normal to the 
surface of the kathode, 
and not in all direc- 
tions, as is the case 
with the radiations of 
ordinary light. A fur- 
ther verification that 
radiant matter travels 


Fic. 337. 


in straight lines is obtained by means of a V-shaped tube 
(Fig. 338); if the electrode at the apex of the V is made the 


kathode, then whichever of the remaining electrodes is used 
as an anode, the phosphorescent light is apparent only in 


the right-hand side of the tube. 


In fact, the discharge of 
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radiant matter from the kathode is analogous to a stream of 
bullets discharged from a large number of parallel guns, and 
phosphorescence is evident wherever the discharge strikes— 
on the glass if the vacuum is high enough, or on the residual 
air, and causing the luminous boundary to the dark space, 
if the vacuum is lower. 

Heat Effects of Kathode Rays.— 7%e kathode rays heat bodies 


Fic. 339. 


upon which they fall. Vf the kathode is spherical, the rays may 
be concentrated so that a piece of platinum placed at the centre 
of curvature is heated to reduess. 

Mechanical Effects.—If kathode rays are allowed to impinge 
upon the mica vanes of a rotating wheel, the wheel is set in 
rotation if only one half of the wheel is situated within the path 


inn 
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of the rays. In the apparatus represented in Fig. 339 the wheel 
will travel in one direction or the other according to which of 
the electrodes 1s used as a kathode. 

Action of a Magnetic Field on Kathode Rays.—Fig. 340 
represents the form of tube with which Crookes proved that she 
kathode rays are deflected by a mayvnetic field. A mica screen 
with transverse slit is fixed near to the kathode, and the path of 
the rays is traced by the phosphorescence they excite on a longi- 
tudinal mica screen coated with chalk or other phosphorescent 


KATHODE RAYS : 495 
Sa Be eae a 
materiat. Ifa horse-shoe electro-magnet is placed with its poles 
below the tube so that the lines of force are at right angles to 
the path of the rays, the direction in which the rays are deflected 
agrees with the view that they mark the path of negatively 
charged particles. The particles would be acted upon by a 
force at right angles both to their direction of motion and to 
the direction of the magnetic field (p. 263) ; also the force would 
be proportional to the strength of the field and to the velocity 
of the particles. The discharge traverses the path a (Fig. 340) 
in the absence of a magnetic field ; it is deflected along the path 
6 by a transverse magnetic field directed from front to back, 
and along the path ¢ when the field is reversed. 

In the apparatus (Fig. 341) adopted by Sir J. J. Thomson 
to investigate this action of 
a magnetic field, a side tube 
is fixed to a glass bell-jar 
supported on a glass plate. 
The anode A consists of a 
solid well-fitting. brass cy- 
linder in which a horizontal 
slit is cut. C and A are 
joined to the terminals. of 
an induction coil, and A is 
also earth-connected. The 
kathode rays pass through 
che slit and in front of a Fic. 34%: 
vertical glass plate, the sur- 
face of which is ruled into squares. The bell-jar is placed 
between two coils of wire fixed at a distance apart equal 
to the radius of either coil; by this means a uniform mag- 
netic field is obtained (p. 276). A photograph of the phos- 
phorescence in the residual gas can be obtained by prolonged 
exposure. With no magnetic field, a small phosphorescent 
patch is produced on the opposite side of the jar; but in the 
presence of a magnetic field the pencil of rays spreads out into 
a fan-shaped system which produces phosphorescence over two 
-or three inches of the glass. It would seem therefore that the 
rays consist of a mixture of different rays which are not all 
deflected to the same extent. It was found, if the experiment is 


=== to air pump 
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repeated with other gases, that the amount of deflection is the 
same as with air, if the pressure is adjusted so that the P.D. 
between the electrodes ts constant. 

The path of the rays is approximately circular. But if the 
rarefaction is diminished the curvature increases as the rays 
proceed further from the kathode. This would be expected, 
since a lower vacuum would increase the number of molecular 
collisions, and consequently would diminish the velocity of the 
particles. This effect is observed readily by means of a tube to 
which a potash-bulb is attached (Fig. 342): on heating the bulb 
the vacuum is diminished and the deflection of the discharge is 
increased, as indicated by the discharges a and 3. 


Fic. 342. 


Curvature of Path of Kathode Rays due to a Magnetic Field.— 
Assuming that the kathode rays consist of electrically charged par- 
ticles, then, if the charge on each particle is ¢ electro-magnetic units, 
and if v is its velocity, each particle is equivalent to a current of 
strength ve units. If the path of the ray is at right angles to the lines 
of force of a uniform magnetic field of intensity H, a constant force 
equal to veH (p. 263) will act on each particle, and the direction of the 
force is perpendicular both to that of the field and to that of the ray. 
Each particle therefore will trace out a circular path, and the radius of 


curvature of the path is given by the equation f=mvz?/r (p. 24), where 
fis equal to veH. Hence, 


Pam MS 
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Subsequent paragraphs (p. 499) will explain how the ratio m/e, which 


may be termed the e/ectro-chemical equivalent of the charged particle, 
may be determined by measuring 7, H, and v. 


Kathode Rays impart Conductivity to Air.—The passage 
of kathode rays through a gas modifies it in such a manner that 
it becomes a conductor of electricity. This was proved by 
Heitz in an experiment which may be made with the apparatus 
of Fig. 341 with the addition of two parallel metal plates fixed to 
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the vertical glass plate so that the rays pass between them after 
leaving the anode. If the metal plates are connected to the 
terminals of a battery, a transverse electric field is set up be- 
tween the plates, and it would be anticipated that the negatively 
charged particles would be deflected upwards or downwards— 
but no deflection is observed, and this indicates that the space 
traversed by the rays is a conductor of electricity, which would 
have the effect of screening the particles from the action of the 
electric field. It was also observed that the P.D. which can be 
maintained between the plates is far less when the rays are 
passing than when the rays are absent. 

Apparent Mutual Repulsion of Kathode Rays.—-In the 
tube shown in Fig. 343, a and 4 are both kathodes, and ¢ is the 
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anode. The mica screen is provided with a horizontal slit 
opposite to each kathode. If the discharge is passed between 
cand a only, the path of the discharge is df; if between c and 3 
only, the path is ef If @ and 4 are joined together, the two 
paths of discharge are transferred to ¢g and e% respectively. 
Crookes attributed this to the mutual repulsion of the charged 
particles in the rays; but it has been observed since that dg is 
still the path of the ray through @ even when the slit at ¢ was 
closed by a shutter so that no particles travelled along ef, and 
it is evident that the repulsion of the ray is due to the charge on 
the electrode 6. Moreover, since the gas inside the tube is ina 
conducting state, an electric charge can have no electrostatic 
action on the ray itself, which is evidence in favour of the view 
that the gas wear to the kathode is in an insulating condition 
and therefore different from the condition of the gas at a greater 
distance. 
Negative Charge Conveyed by the Kathode Rays. ~— F ig. 344 
represents Thomson’s modification of an experiment, originally 
made by Perrin, which proves that a wegative charge is con- 
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‘veyed by the kathode rays. The rays from the kathode C pass 
through a slit in the solid, brass, earth-connected anode A. 
B and D are two short, concentric cylinders insulated from 
each “other, and each cylinder is perforated with a narrow 
transverse slit: B is earth-connected, and D is joined to an 
electrometer. Scarcely any charge is acquired by D when the 
rays are undeflected, but if the rays are deflected downwards by 
means of a magnetic field to such an extent that the rays strike 


to earth 


: to electrometer 
Fic. 344. 


upon the slit in B, the cylinder D acquires a considerable nega- 
tive charge. Ifthe intensity of the field is increased so that the 
rays are deflected below the slit in B, then D no longer acquires 
a charge. Also, the charge imparted to D soon acquires a 
maximum value: this would be expected, since the rays render 
the gas conducting, and the condition is reached soon when any 
increase in the charge is balanced by the loss due to the con- 
ductivity of the surrounding gas. 

Lenard Rays.—Lenard has proved that, under suitable con- 
ditions, the kathode rays are capable of transmission through 
the walls of the tube to the outside ; thus, if the end of the tube 
against which the rays strike consists of a strong metal cap per- 
forated with a small hole covered with thin aluminium foil, 
the rays can be detected for a short distance outside the tube. 
Such rays, observed outside the tube, are termed Lenard rays ; 
but the same rays, wthin the tube, are kathode rays. 
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If the negatively charged particles are of molecular dimen- 
sions, it is difficult to realise how they can penetrate through 
metal and also through a considerable layer of air without 
losing nearly all their momentum by reason of the frequent 
collisions which particles of such size would experience. On 
this point strong evidence is available in support of the view 
that the carriers are small compared with ordinary atoms or 
molecules. 

Positive Rays.—It is now known that kathode rays are 
streams of electrons (p. 121) moving at high speed. Owing to 
the intense electric field, electrons are dislodged from the gaseous 
atoms, and soon acquire their speed. Sooner or later, such 
electrons collide with a neutral atom of the gas, causing the 
liberation of an electron. The liberated electrons soon acquire 
high speed and become kathode rays. The remainder of an 
atom, thus modified, will be positively charged and act as a 
positive ion: it will travel in the opposite direction towards the 
kathode, and at a much lower speed, owing to its relatively great 
mass. When the kathode is perforated with one or more small 
holes, the positive ions pass through into the space behind the 
kathode, forming positive rays. These are detected by allowing 
them to pass into a special chamber attached to the vacuum 
tube: the distant wall of the chamber may consist either of a 
screen of powdered willemite, which glows when bombarded by 
the rays, or a photographic plate may be used. 

Determination of the Electro-Chemical Equivalent and 
Speed of Kathode Rays.—It has previously been shown how 
the product (7/e)v can be determined by measuring the radius 
of curvature of the path of the rays and the intensity of 
the deflecting field (p. 496). Sir J. J. Thomson, in 1897, 
carried out an experiment to determine the separate values of 
mje and of v: he arranged that a narrow pencil of kathode rays, 
deflected by a magnetic field, should pass through a slit into a 
metal cylinder connected to a quadrant electrometer of known 
capacity, so as to measure the total charge on the particles 
collected in a given time. Also, a copper-iron thermo-junction, 
of known heat capacity, was fixed behind the slit, and could be 
joined by thin wires to a galvanometer ; in this manner the total 
energy could be measured. 
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If N particles enter the cylinder in unit time, and if W is the 
mechanical equivalent of the heat given up, and Q is the charge 
imparted to the cylinder in unit time, then 
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The method adopted in this brilliant experiment is not so 
accurate as other more recent methods, since some of the 
charge imparted to the cylinder is lost owing to the conductivity 
acquired by the gas. 

The value obtained for the ratio m/e was of the order 1077 
C.G.S. units. In ordinary electrolysis the value of the ratio #/e, 
z.e. the electro-chemical equivalent for hydrogen is about 107%. 
Hence, it was concluded that either the mass of each particle 
must be much smaller than that of the hydrogen atom, or the 
charge carried by each particle must be much greater than that 
carried by the hydrogen ion. In the same experiment the value 
of v was found to be 1.5 x 109 cms. per sec., or approximately — 
one-tenth that of light. 

Moreover, it was found that the results of the experiment were 
independent of the kind of residual gas and of the metal of 
which the electrodes consisted. The velocity of the particles 
depends upon the P.D. between the electrodes, but is independ- 
ent of their distance apart: this would be expected if we consider 
that the velocity is due to the potential gradient between the 
electrodes, and that the actual velocity acquired is proportional 


to the product of the potential gradient and the distance between 
the electrodes. 
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Verification of the Value of 7/e and of v.—In a simpler method, 
subsequently adopted by Sir J. J. Thomson, a narrow pencil of 
kathode rays was made to pass between two horizontal metal plates 
(P,, P., Fig. 345) supported within the tube and maintained at a constant 
P.D. by connecting them to the terminals of a small battery, thus creat- 
ing a vertical electrostatic field. At the same time a transverse magnetic 
field was maintained by means of external coils of wire conveying a 
current. The direction and magnitude of these fields can be adjusted 
so that the tendency of one to deflect the rays downwards is neutral- 
ised by the tendency of the other to deflect the rays upwards. The 
electrostatic force on each particle is Fe, where F is the intensity of the 
field ; also, the magnetic force on each particle is Hev, where H is the 


Fic. 345- 


intensity of the magnetic field. Hence, when the fields are adjusted sc 
as to neutralise each other 

Fe=Hev 
or v=F/H. 


The value of (wz/e)v is determined with the same tube by observing 
the deflection due to the magnetic field only. Hence the separate 
values of #z/e and of v are found. The mean value found for m/e, when 
either air, hydrogen or carbon dioxide was used, was 1.3 x 1077 (in E.M. 
units) ; and the value of v varied from 2 x 10° to 3 x 109 cms. per second, 

More recent determinations of m/e, obtained by several available 
methods, give a mean value of 0.568 x 10-7 (in E.M. units). Also, the 
value of v has been found to vary up to a maximum of 6 x 10? cms. per 


second. 
The Mass of an Electron.—The separate determination of m and ¢ 


constitutes one of the most brilliant pieces of research work of modern 
times; it was conducted by Sir J. J. Thomson by a method based 
upon Mr. C. T. R. Wilson’s observation that supersaturated water- 
vapour will condense on the charged ions produced in air when traversed 
by a beam of X-rays ; in this sense the ions serve the same purpose as 
that fulfilled by ordinary dust in the formation of clouds. The path of 
the X-rays thus becomes visible. 
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The upper part of a spherical glass vessel containing some water is 
closed by an aluminium plate, and the air within the vessel is ionised 
by exposing the aluminium plate to X-rays. By allowing the air to 
expand»suddenly to a known extent the air is cooled, and water vapour 
is condensed into a mist; the quantity of vapour so condensed can be 
calculated from the extent to which the air is cooled. The radius of 
each drop of water constituting the mist is calculated by observing the 
rate at which the mist falls downwards.! Knowing the size of each 
drop and the total quantity of condensed moisture, the zwmber of the 
nuclei can be calculated. The value of e was then determined by 
measuring the value of the product ze. 

The principle of the method of measuring ze is as follows: Suppose 
that there are within the gas 7 particles charged positively and charged 
negatively ; the quantity of electricity of each sign is ze. If the alumi- 
nium plate is connected to an electrometer of known capacity, and if 
the water surface is insulated and then charged suddenly to a negative 
potential, all the negative particles will be driven against the metal 
plate, to which they will impart their charge; this charge is equal to ve, 
and is measured by means of the electrometer. The value of ¢ is cal- 
culated by combining this result with the previous measurement of 7. 

It was found that e=3.4x 107-! E.s. units=I.13 x 10-79 ELM. units. 
More recent determinations give e=4.7 x 10719 E.s, units=1.57 x 10-20 
E.M. units. Fence, if #z/e=0.564 x 107", 

m= (0.564 x 1077) x (1.57 x 107°) =0.886 x 107” gram. 

Assuming the number of atoms in I gram of hydrogen to be 
6.16 x 10%, the mass of one atom is 0.162x 10~™% gm. Hence, the 
ratio of the mass of an electron to that of the hydrogen atom is 


(0.886 x 10-*7)/(0, 162 x 107*3) = 1/1830 appraximately. 


The value of the charge e can be compared with that on the hydrogen 
ion in electrolysis in the following manner: The passage of one 
electromagnetic unit of electricity through acidulated water liberates 
1.23 c.c. hydrogen (at 76 cms. and 15° C.). If there are N moiecules 


in each c.c. the total number of atoms in 1.23 c.c. is 2.46xN. Also, 
if E is the ionic charge, 


2.46 x NE=3 x 10” electrostatic units, 


or E=(3 x 10!°)/(2.46 x N). 


1Sir G. Stokes has shown that the velocity » with which a drop of water falls is 
given by the formula, 


papal ie gX (radius)? 
9 coefficient of viscosity 
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In order that E may be equal to e, then 
(4.7 x 1071) =(3 x 101)/(2.46 x N), 
or N=2.6x 10%. 
The close agreement of this value of N with that deduced from the 
kinetic theory of gases is strong evidence that the charge of an electron 
and the ionic charge of the hydrogen atom are the same. 


The Value of m/e for Positive Ions.—If a perforated kathode 
is used, luminous rays can be observed at the back of the 
kathode and proceeding from the perforations. Wien has 
proved that these rays consist of fositively charged particles, 
and has found (by the method described on p. 501) that the 
value of #/e is never less than 1074, and that v is equal approxi- 
mately to 3.6 x 107 cms. per second. This value of /e.is of the 
same order as that found in the electrolysis of liquids: it would 
seem, therefore, that the carriers of the positive charge are of 
the same magnitude as atoms of ordinary matter. 


Motion of a charged sphere. It has been stated previously that 
a charged sphere in motion has similar properties to those of an electric 
current, and it can be proved that if a unit 
tube of electrostatic force moves with a velocity 
v at a given point (Fig. 346), a magnetic force 
equal to 47vsin @ is set up at the point, where 
@ is the inclination of the tube to the direction 
of. motion. The direction of the magnetic 
force is perpendicular both to the tube of force 
and to the direction of motion. The density 
of the tubes of force at a point distant 7 from the centre of a sphere 
charged with ¢ electromagnetic units is ¢/477*; hence the intensity H 
of the magnetic field at that point due to this charged sphere moving 


with velocity v will be 


4mvsin@xe_evsin® 

qn 
But the energy per unit volume in a magnetic field of intensity H is 
H?/8 (p. 144); hence, in the above case, the energy per unit volume 
is e®v? sin?0/8m74, From this it can be proved that the total energy in 
the field outside the sphere and due to the charge is e7v?/3a, where a is 
the radius of the sphere. In addition to this, the kinetic energy of 
the sphere itself is }v®, where is the mass of the sphere. Hence 


the total energy is vy ( a 
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or, the total energy is the same as if the mass had been increased by an 
amount 2¢2/3a. The field has therefore a property equivalent to inertia. 

If we assume that an electron is simply an ‘‘ atom of electricity,” and 
that its ‘energy is entirely due to its charge, the size of an electron may 
be deduced from the fact that its ‘‘ mass” is represented by the formula 
2e?/3a. Hence, 

2G 
aks . a - é 
But ¢/m=1-77 x 10’, and e=1-6 x 10-° E.M. unit. Hence 
a=1-9x 10-8 cm. 

The volume of an electron would therefore be 2:87 x 10-%8 c.c., while 
the volume of an atom is 5-0x10-%c.c. approximately. Recent 
research suggests that the hydrogen atom consists of an excessively 
small +¥¢ nucleus, round which rotates a single electron. Since the 
radius of the hydrogen nucleus is probably only 107?* cm., its volume 
is negligibly small. It follows, therefore, that the empty space 
within the hydrogen atom is (2x10) times as great as the filled 
space. 

The distribution of charge on a sphere at rest is uniform ; but Heavi- 
side has shown that when the sphere is moving with great velocity the 
tubes of force become more or less concentrated in the plane through 
the centre of the sphere and at right angles to the direction of motion. 
In fact, if we attribute a real physical existence to the tubes of force it 
is easy to imagine that, when moving with high velocity, each tube will 
behave like a metal cylinder moving in a liquid ; thus, a cylinder would 
not move end-on but would tend to set itself broadside-on, and thus 
carry far more of the liquid with it than if moving 
end-on. In the words of Sir J. J. Thomson, ‘‘ the case 
is similar to that of falling leaves, which do not fall edge 
first, but flutter down with their planes more or less 
horizontal.” 

If a charged sphere, moving with high velocity, is 
brought suddenly to rest, then, since the electrostatic 
field has inertia, the tubes of force will tend to travel 
onwards, The outline traced by a given tube of force 
immediately after the sphere has been stopped will 
resemble aé (Fig. 347), and at a later instant its form 
will have changed to ad’. Thus the stoppage of the sphere gives rise 
to considerable modifications in the electric and magnetic forces in the 
field. The horizontal part of the tube of force travelling outwards will 
create in the space near to it a magnetic force in the Opposite direction 
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to that already existing; and it can be proved that this new force is 
greater than the previous force. These new forces constitute a pulse of 
energy travelling along the tubes with a velocity equal to that of light, 
and the amount of energy in the pulse depends upon the suddenness 
with which the sphere is brought to rest. 

Applications of the Electron Theory.—Modern views are 
consonant with the opinion that all the phenomena of an electric 
current are due to electrons in motion. Sir O. Lodge! describes 
the different modes of conduction in the following terms: “The 
possible modes of conduction are three, which may be called 
the bird-seed method, the bullet method, and the fire-bucket 
method respectively. The bird-seed method is adopted in 
liquids: it is exemplified in electrolysis ; the bird carries the 
seed with it, and only drops it when it reaches an electrode. 
The bullet method is the method in rarefied gases: the space 
from kathode to anode represents the length between the breech 
and the muzzle of the gun, and the rest of the path is analogous 
to the trajectory of a bullet... .. The fire-bucket method must 
be the method of conduction in solids, where the atoms are not 
susceptible of locomotion and can only pass electrons on from 
hand to hand, oscillating a little in one direction to receive them, 
and in another direction to deliver them up, and so getting 
thrown gradually into the state of vibration which we call heat.” 

When the elements are tabulated in the order of their atomic 
weights, commencing with hydrogen (A.w.=1) and terminating 
with uranium (A.W. =238-2), the position of an element on this 
list is termed its atomic number ; and this number represents 
the number of electrons rotating round the +! charged nucleus. 
Thus, the hydrogen atom may consist of one electron rotating 
round a nucleus of the simplest type (called the proton); the 
uranium atom has 92 electrons rotating round a complicated 
nucleus, consisting partly of protons and partly of electrons 
bound together by enormous electric forces. In its rapid 
movement round its orbit, each electron is undergoing 
acceleration continually (p. 24), and thereby giving rise to 
radiation (p. 504). Thus, if an electron describes an orbit 
5x10 times in one second, it will radiate yellow light 
corresponding to the D line of the spectrum. Since such 

1 Jour. Inst. Elect, Engin., vol, xxxii, No. 159. 
H.M, Ri 
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moving electrons constitute an electric current, an external 
magnetic field of which the lines of force thread the path of 
the electron would cause an increase or diminution in the velo- 
city of the electron, and consequently would raise or lower the 
refrangibility of the radiation. This effect was observed by 
Zeeman (of Amsterdam) in 1897, who observed a broadening of 
the characteristic D lines when a pure yellow flame is placed 
between the poles of a strong electro-magnet and examined 
spectroscopically: this is known as the Zeeman effect. More 
recently it has been found that some lines are separated into 
three distinct lines, others into four or even six lines. By 
measuring the changes in the lines it is possible to calculate 
the change in period of the electrons and therefore the amount 
of matter associated with the charge; or, in other words, to 
determine the ratio 7z/e. Zeeman found that the value derived 
from his observations agreed closely with that obtained from 
the phenomena of kathode rays. 

Rontgen Rays.—Prof. Réntgen (of Wiirzburg, Bavaria), when 
investigating, in 1895, the phenomena of kathode rays, observed 
that the discharge through a vacuum tube, which was completely 
enveloped in opaque paper, caused a luminous glow to appear 
on a distant fluorescent screen. He found that the invisible 
rays causing the luminosity originated from within the vacuum 
tube ; and he concluded that the effect must be due to some 
unknown form of radiation, to which he applied the provisional 
term “X-rays.” The rays are entirely different from kathode 
rays, for they can pass 
through many solid sub- 
stances with compara- 
tively little absorption ; 
and, as they are not 
deflected by either a 
magnetic field or an 
electric field, they can- 

Fic. 348.—A Focus Tube, for generating X-rays. not consist of charged 
particles, 

Fig. 348 represents one type of vacuum tube used for the 
generation of X-rays. The kathode is of aluminium, and is 
made concave so as to bring the kathode rays to a focus. A 


, 
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plate of tungsten, supported at the focus, serves as a “target.” 
As nearly a'l the energy of the bombarding electrons is con- 
verted into heat, a refractory metal must be used as a target. 
Tungsten is suitable, owing to its high melting-point (3200° C.). 
The target is mounted on a support of solid copper, which 
assists in absorbing the heat. The target is called the anti- 
kathode ; and it is joined externally to another electrode called 
the anode, the function of which is not clearly understood. 
Nature of X-Rays.—We now know that X-rays are ether 
waves set up when the electrons 
are stopped suddenly by the 
target. The production of the 
waves, and their wave-length, 


depend upon the suddenness 

OLE 
with which the electrons lose ‘Sue as 
their velocity; and their velocity Days = sea Cnn 


depends upon the degree of 
vacuum and upon the voltage 
used. Fig. 349 suggests the dis- 
tinction between ordinary light 
waves and X-rays. The latter Fic. 349.—The distinction between 
occupy a definite position on the visible light-rays and X-rays. 
gamut of ether waves, and far above the violet end of the spec- 
trum. The wave-length of the shortest visible light is 4x 10- 
cm.; beyond this, there are about 4 octaves of ultra-violet 
rays, extending up toa wave-length ofabout6< 10-®cm. These 
are followed by about 10 octaves of X-rays, the wave-lengths 
varying from 2x 10-* cm. to 1.5 x 10-8 cm. Finally, above 
the X-rays on the gamut, there are several octaves of y-rays, 
such as are generated by a radio-active substance. The 
shortest y-ray wave-length is about 7 x 10-19 cm. 

Until recently, the evidence that X-rays and light waves were 
of the same nature was indefinite ; but this absence of proof was 
due to the very small wave-length of X-rays. Thus, a polished 
metal surface will reflect light waves with perfect regularity ; but, 
to X-rays, it would seem quite rough, and would scatter them 
in all directions. The diffraction gratings used for optical 
measurements are too coarse for X-rays ; but it has been found 
recently that the excessively fine and regular grouping of atoms 


5000-50,000 
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in crystals provides an effective means of observing diffraction 
phenomena with X-rays." 

Effects of X-Rays.—Many solids which are opaque to light 

are transparent to X-rays. In the case of metals, the degree of 
transparency depends upon the atomic weight of the metal ; 
thus, aluminium is comparatively transparent, but even a thin 
sheet of lead is opaque. Chemical compounds of heavy metals 
exhibit the same ab- 
sorbing power as the 
;. metalitself; thus, lead 
glass is opaque, while 
soda glass is fairly 
transparent. Rd6dntgen 
also observed that flesh 
is more transparent 
than bone; hence, 
when the hand is laid 
on an opaque envelope 
containing a _ photo- 
) graphic plate, and held 
| in the path of the rays, 
| a shadowgraph or 
negative is obtained 
d 


when the plate is de- 
veloped, showing all 
details of the bone 

: _ structure (Fig. 350). 
eal X-rays excite fluor- 
Fic. 350,—A Radiograph of the Hand, showing escence in many sub- 


a needle embedded in the flesh near to the wrist. : 
stances, of which 
barium platino-cyanide is a striking example. When a paper 
screen, coated with such a substance, is held in the path of the 
rays and the hand is held behind the screen, the details of 
the bones are seen clearly. 
Another important effect due to X-rays is the ionisation pro- 
duced in any gas through which the rays pass (see p. 501), 
Since any gas which is more or less ionised exhibits the property 


1See X-Rays and Crystal Structure. 
(London: Bell & Sons, Ltd.) 


By Sir William and Prof. W. L. Bragg. 
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of electrical conductivity, the effect is readily demonstrated by 
holding a charged electroscope near to a source of the rays. 

It has been stated previously (p. 231) that the atmosphere 
surrounding the earth is an electric field of force, the air having 
a positive potential which increases with the height above the 
earth’s surface. As the height increases, the potential gradient 
becomes less, diminishing from 100-200 volts per metre near to 
the earth’s surface to about 2 volts per metre at a height of 
9 kilometres. This fall of potential gradient implies a corre- 
sponding increase in atmospheric conductivity ; and it is probable 
that the outer limits of the atmosphere have very high con- 
ductivity. It is suggested that this may be due to streams of 
electrons ejected at high velocity from the sun. Such electrons, 
on colliding with molecules of the atmosphere, generate X-rays 
of very short wave-length (and, therefore, very penetrating); 
these, in their turn, cause ionisation through an extended region 
towards the earth’s surface, thus imparting conductivity. 

Radio-activity.—In 1896 M. Henri Becquerel observed 
that when a compound of uranium is placed on an opaque 
envelope containing a photographic plate, the plate is affected 
as though it had been exposed to light. He found also that 
the radiations caused both fluorescence of certain compounds 
and ionisation of air. Shortly afterwards, Madame Curie found 
that the same properties were exhibited by compounds of 
thorium. Of all the elements known at that time, only uranium 
and thorium were found to exhibit radio-activity ; avd these had 
the highest atomic weights (viz. 238 and 232 respectively). More 
recently a number of other radio-active elements have been 
discovered, and these occupy, on the Table of Atomic Weights, 
positions between thorium and bismuth (A.W. 208). 

The radiation from uranium and thorium is a mixture of three 
types: 

(i) Alpha-rays. These are positively charged particles pro- 
jected from the atom with great velocity. They are absorbed 
readily by a thin sheet of metal, or by a few centimetres of air 
(at normal temperature and pressure) ; 

(ii) Beta-rays. These are identical with the negative electrons 
which constitute the kathode rays of a vacuum tube. They are 
far more penetrating than a-rays ; 
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(iii) Gamma-rays, which are X-rays of extremely short wave- 
length. 

Radio-activity is absolutely independent of temperature and 
pressure : its rate is the same under all conditions. Nor is it 
affected by chemical combination : the atoms of uranium in one 
of its compounds will disintegrate just as rapidly as the atoms 
in a specimen of the pure metal. 

Lord Rutherford has analysed these complex radiations 
by (i) observing the deflections of the rays in strong magnetic 

or electric fields, and (ii) observing the 


7 - relative absorption of the rays by solids and 

gases. When a small quantity of a radium 

m compound is contained within a hollow lead 

B cylinder (L, Fig. 351), standing on a photo- 

p L graphic plate P, and a strong magnetic field 


——_— is set up at right angles to the plane of the 
BE gS Samy soaty Ses paper and directed away from the observer, 
aradio-active substance. the a-rays are deflected to the left, proving 
that they are positively charged ; but, even with a very strong 
magnetic field, the deflection is slight, showing that the mass 
of each particle is relatively great. The f-rays are deflected to 
the right, showing that they are negatively charged particles. 
The path of the B-rays is so curved that they fall on the photo- 
graphic plate: when this is developed, a well-defined band is 
obtained, and the natural conclusion is that the velocities of all 
the particles are not the same. When measurements are taken, 
the degree of deviation proves that the B-rays are identical 
with the kathode rays of a vacuum tube. The y-rays are not 
deviated by either a magnetic or an electric field. 

The second method of investigating the radiations is by 
observing their relative absorptions by solids and gases, and 
these are determined by measuring the relative degrees to 
which ionisation is set up in air traversed by the rays after 
passing through the absorbing medium. For this purpose 
special forms of gold-leaf electroscope are used. Fig. 352 
represents the instrument designed by Lord Rutherford for 
measurements of a-rays. The upper horizontal metal plate 
supported by asulphur plug, is connected toa narrow vertical plate 
from the upper end of which is suspended a narrow strip of gold- 
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leaf. The radio-active substance is spread evenly over the lower 
horizontal plate. The cap E is removed temporarily so as to 
charge the gold leaf to a potential of about 300-400 volts : this 
will give a suitable divergence to the gold leaf. The rays from 
the substance cause ionisation of the air between the two 
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PLATE ON WHICH 
RADIO-ACTIVE 
SUBSTANCE IS, 
SPREAD* 


(ii) 


Fic. 352.—An alpha-ray electroscope. 
horizontal plates, and the rate of loss of charge of the upper 
plate is a measure of the degree of the ionisation, and therefore 
of the intensity of the radiation. The movement of the gold 
leaf is viewed through a window by means of a low-power 
microscope with a trans- 
parent scale in the eye-piece. 
Quantitative comparisons 
are obtained by observing 
the number of scale-divi- 
sions traversed per minute 
by the gold leaf when ex- 
posed (i) to the substance 
under investigation, and 
(ii) to a standard source, 
consisting of a thin layer 
of uranium oxide of definite 
area. 
The type of electroscope Fic. 353-—A beta-ray and gamma-ray 

used for measurements of electroscope. 

B-ray and y-ray activity is shown in Fig. 353. It consists of a 
box made of thick lead, at least 3 mm. thick,with an opening cut 


SSS 


ANNAN NARAAARANAAAAAAANNAANAANAA NINA NARNRAANRND 


512, MAGNETISM AND ELECTRICITY FOR STUDENTS 
MP nt ak Sal AEN NI ap ae Ca Ss 
in the bottom, through which the rays are admitted to the inside. 
Small windows, carefully protected, are inserted in the sides for 
observation of the gold leaf. When the opening in the bottom 
is covered with a thin sheet of aluminium all a-rays are absorbed, 
and the effects observed are due to B-rays and y-rays. When 
the opening is covered by a thick lead screen, all a-rays and 
-rays are absorbed, and the effects observed are due to y-rays 
only. The charging rod can be rotated by an insulated handle, 
and its contact with the support of the gold leaf broken after 
the leaf has been charged. 

Alpha-particles.—(i) Counting the particles. One method of 
counting the particles is based upon the fact that when an 
a-particle strikes a screen of phosphorescent zinc sulphide, a 
momentary flash of light is visible. The sulphide is spread 
evenly over a thin glass disc, which is viewed through a micro- 
scope of low power. A small area (e.g. I sq. mm.) of this is 
observed, and the distance of the source from the screen is 
adjusted until the number of scintillations can be readily counted. 
Knowing the area under observation and the distance of the 
source, the total number of particles expelled per second can be 
calculated. It has been found that the number of particles 
expelled per sec. from I gram of pure radium (free from the 
products of its own disintegration) is 3.57 x 10!, 

(ii) The ratio e/7 of the a-particle. This has been determined 
by observing the deflection of the particles by magnetic and 
electric fields, the method resembling that which is described 
on p. 501; and the value obtained is about 5070 (in electro- 
magnetic units). For hydrogen, the value of the ratio is 9655, 
or about ¢wice the above figure. Hence the a-particle may be 
either a molecule of hydrogen carrying unit charge, or a helium 
atom (A.W.=4) carrying a charge of two units. 

(iii) The charge carried by an a-particle. The a-particles from 
a given source can be counted ; and the total charge can be 
measured by allowing the particles to strike a metal plate 
joined to an electrometer, the plate and source being in as 
perfect a vacuum as possible. The charge on each particle is 
found to be 9.3 x 107!" E.S. unit (or 3.1 x 107° E.M. unit) ; and this 
is Zwice the value of e (p. 502). Hence the a-particle carries two 
unit positive charges. Since e/m=5070 and e=3.1 x 107°, the 
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mass of the a-particle is 6.1x10-* gm. approximately. This 
agrees closely with the weight of the helium atom. 

(iv) The nature of the a particle. Limits of space do not allow 
a detailed description of the direct experimental proof, carried 
out by Lord Rutherford, that the a-particle is an atom of 
helium gas minus two of its electrons, and therefore carrying 
two unit positive charges. Briefly, the method was to collect 
the particles in an empty enclosed space and, after an interval 
of time, to examine the contents spectroscopically : the spectrum 
of helium was obtained. 

In its passage through a gas, the a-particle passes through 
the electronic systems of many atoms, frequently dislodging an 
electron and thus causing ionisation. As its speed diminishes, 
it may capture an electron and become a helium atom with one 
unit positive charge ; this acquired electron may be subsequently 
lost, and another one gained ; this alternation of loss and gain 
may be repeated many times during its motion. Finally, its 
speed is much diminished, it captures two electrons and becomes 
a neutral helium atom. 

(v) Velocity and range of an a-particle. The initial velocity of 
an a-particle depends upon the radio-active substance from 
which it originates ; but all particles from the same source have 
the same initial velocity. The velocity, and therefore the range, 
is characteristic of the source. The highest velocity observed 
is 19,200 kilometres per sec., from radium C (one of the disin- 
tegration products of radium) ; and the range, in air at normal 
temperature and pressure, is about 7 cm. This velocity is about 
20,000 times greater than that of a rifle bullet. 

Beta Rays.—The deflection of 8-rays by a magnetic field, 
and their identity with electrons, has been mentioned previously. 
The fact that the rays from a given source are not all bent ta 
the same extent proves that their velocities are not the same ; 
the velocity, however, is vastly greater than that of the electrons 
which constitute kathode rays in a discharge tube, and in some 
cases approaches that of light. 

The -rays originate from the central nucleus. of the disin 
tegrating atom, and they have to pass through the rings of 
electrons which surround the nucleus. In so doing, collisions 
are probable ; and there is reason to believe that these collisions 
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are the source of the y- -rays—just as the impact of electrons on 
the target of a discharge tube gives rise to X-rays. 

Gamma Rays.—In order to investigate these rays it is neces- 
sary to eliminate effects due to B-rays. The latter can be 
removed either by the deflection due to a magnetic field, or by 
using a screen of lead 3 mm. thick, which will absorb all a-rays 
and B-rays. By reflecting the rays from a crystal surface, 
diffraction effects have been observed and measured ; and the 
wave-length is found to lie between the limits 1.2 x 107§ cm. and 
7105 Em; 

The Structure of the Atom.—It has been stated previously 
(pp. 121, 505) that according to present hypothesis the atom 
consists of an extremely small nucleus, charged positively, round 
which rotates in a circular path one or more electrons, and that 
the number of electrons outside the nucleus is represented by 
the atomic number of the element. Also, there is strong 
evidence that practically the whole mass of the atom is con- 
centrated in the nucleus. 

The atomic number of hydrogen is 1, and we assume that its 
atom consists of the simplest possible nucleus (called the proton) 
with one electron rotating round it (Fig. 353A, i). The next 
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Fic. 353A.—Atomic systems, 


element in the series is helium (At. Wgt.=4; At. Number=2): 
as its atomic weight is 4, the nucleus must contain four protons ; 
and as its atomic number is 2, there must be only two electrons 
outside the nucleus. The complete atom, however, is neutral ; 
and this is possible if the nucleus contains two electrons in 
addition to the four protons (Fig. 353A, ii). Present hypothesis 
states also that as the atomic number increases the distribution 
of the external electrons becomes complex, dividing into two 
or more groups, each group having its own characteristic orbit 
of definite radius. 


Of all the elements, uranium has the highest atomic weight 
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(238), and its atomic number is 92. Hence, outside the nucleus, 
there are 92 electrons, while the nucleus contains 238 protons. 
It is evident therefore that if the atom is electrically neutral the 
nucleus must contain (238 — 92)=196 electrons, in addition to the 
protons. It is the instability of such highly complex nuclei 
which gives rise to the phenomenon of radio-activity. 

Isotopes.—The chemical and physical properties of an element 
are determined solely by the nuclear charge ofits atom. Hence 
when, by the process of radio-activity, a complex nucleus loses 
a-particles, and also {-particles sufficient to leave a nucleus 
with the same charge as it possessed originally, the residue will 
have the same chemical] properties as the original substance, 
but its atomic weight will be different. The residue and the 
original substance are termed isotopes. 

The disintegration of uranium provides a simple example of 
the formation of an isotope : 

(i) The nucleus of the atom of Uranium-X has 238 protons, 
and a nuclear charge 92 ; it loses one a-particle and becomes 

(ii) Uranium-X,, with a nucleus of 234 protons, and a nuclear 
charge 90; it loses one £-particle and becomes 

(iii) Uranium-X,, with a nucleus of 234 protons, and a nuclear 
charge 9I ; it loses another 8-particle and becomes 

(iv) Uranium-2, with a nucleus of 234 protons, and a nuclear 
charge 92. Thus Uranium-1 and Uranium-2 have the same 
nuclear charge, and therefore identical chemical properties, but 
their atomic weights are 238 and 234 respectively. 

At distant intervals of time, the subsequent loss of two more 
a-particles from the nucleus leaves an atom having a nucleus of 
226 protons and a nuclear charge 88. This is the element 
radium. 

Radium.—Soon after the discovery, by M. Becquerel, of the 
radio-activity of uranium and its compounds, M. and Madame 
Curie found that occasional specimens of the mineral pitchblende 
(which is the chief source of uranium) showed greater activity 
than the metal itself; and they conciuded that there must be 
in the mineral some unknown element of far greater activity 
thanuranium. Pitchblende is a mineral of complicated chemical 
composition ; it contains, besides uranium oxide, varying quan- 
tities of most other metals. After an elaborate process of 


513c MAGNETISM AND ELECTRICITY FOR STUDENTS 


chemical treatment, a small residue of barium sulphate was 
obtained, and which contained most of the highly radio-active 
constituent—its activity was 30-60 times as great as that of 
uranium. Finally, the sulphate was converted into the chloride, 
and the chloride of the new element was separated from that 
of barium by a process of crystallisation ; barium and radium 
are very similar in chemical properties, and the most effectual 
method of separating them depends upon the fact that radium 
chloride is less soluble in water than barium chloride. The 
fact that 3000-4000 kilograms of pitchblende may contain only 
I gram of radium suggests the difficulty of preparing pure 
radium chloride. 

Madame Curie has obtained the metal radium by the electro- 
lysis of radium chloride. It is a white metal which rapidly 
blackens in air, probably owing to combination with nitrogen. 
It dissolves in water, forming radium hydroxide solution, and 
liberating hydrogen. 

Radium disintegrates but slowly, for in each second only one 
atom in 75,600 million breaks up; and, after a lapse of 1730 
years, only one-half the radium atoms in a given sample will 
have disintegrated. As there are 2.7 x 107! atoms in 1 gram of 
radium, the number of a-particles emitted per second from this 
quantity will be 3.57 x 10° 

The product formed when radium atoms each lose an 
a-particle is known as radium emanation (A.W.=222). This is 
a gas at ordinary temperature, and the atoms have a short 


a a a i i ; : a 
Radium Emanation Rad:A  Rad:B Rad:C Rad:D Rad:E Rad:F 


(2440 years) (5:5 days) (43min) (38:5 min.) (28 min.) (24 years), (7:2 days) (196 days) 
Fic. 3538.—The stages in the disintegration of a radium atom. 


average life of 5.5 days. This process of disintegration con- 
tinues through several stages, each involving the loss of either 
a-particles or (§-particles, until the final atom has an atomic 
weight 206. This is the atomic weight of lead; and it is a 
peculiar circumstance that a trace of lead is found as an impurity 
in all minerals containing radium. 


The life-history of an atom of radium is represented in Fig, 
3538. The figures within the circles are the atomic weights of 
the disintegration products ; and the figures in brackets show 
the average life of the atoms of these products. 

A specimen of radium compound, which is pure initially, 
gradually disintegrates and forms the radio-active products. 
In due course, a state of equilibrium is established, in which 
each product disintegrates just as rapidly as it is formed. In 
the case of radium this condition of equilibrium is acquired in 
about one month ; and, then, the number of a-particles liberated 
per second from I gram of radium is 14.3 x 10!; for the rate of 
liberation of the particles from the radio-active products is three 
times as great as from the pure radium itself. The figure 
previously given for pure radium is 3.57 x 101° 


Photo-Electricity.—An electron may be removed from an 
atom of a gas by the action of ultra-violet rays, or of X-rays 
(p. 508) : the gas is said to be ionised. These rays also can 
remove electrons from solid surfaces; and, in the case of 
several substances, the effect can be derived by means of 
ordinary visible light. The subject of such phenomena is 
termed photo-electricity. 

The earliest observation of the effect of light waves on a 
solid surface was made by W. Hallwachs in 1888: he 
discovered that a negatively charged body readily loses 
its charge when exposed to ultra-violet light, which 
may be obtained conveniently from an arclight or from 
burning magnesium. The effect is readily shown by 
means of a freshly polished zinc plate, charged negatively. 
Hallwachs found that a positively charged plate is not 
affected. 

Elster and Geital found that the electropositive metals 
sodium, potassium and rubidium show the effect when ex- 
posed to the light of the visible part of the spectrum. In the 
presence of a gas at ordinary pressure, the liberated electrons 
become attached to gaseous molecules and form ions ; and 
when an electric field is applied these ions migrate slowly 
through the gas. This constitutes a current which, though 
very small, can be detected. 
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creased by filling the tube with an inert gas, such as argon. 
When, by means of a battery, a potential-difference is set 
up between the anode and cathode, then, as the electrons 
travel towards the cathode, they collide with molecules 
of argon, and ionise them, thus increasing the number of 
available electrons and, consequently, increasing the 
possible current. Such an arrangement is termed a 
photo-cell. 

A type of cell frequently used in television, talking- 
films and other applications is shown in Fig. 353c. The 
anode is a rectangular shaped wire connected to the pin at 
the base: the cathode is a film of caesium on a V-shaped 


metal base, and the terminal for this is the screw-cap at 
the top of the bulb. 


Fic. 353D.—A Method of Amplifying Photo-electric 
urrents. 


A photo-cell is extremely responsive to changes in the 
intensity of the light; and it is capable of responding to 
fluctuations of any frequency between 20 and 15,000 
per second. In any case the current is very small, 
and amounts to not more than a few millionths of one 
ampere. For practical purposes, therefore, it is necessary to 
amplify the current by means of a triode valve. A simplified 
diagram of the procedure is shown in Fig. 353D. The 
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feeble current passing through the photo-cell is also passed 
through a resistance R; and if, at any instant, the current 
is I ampere, the potential difference between the ends of 
R is equal to IR volts. One end of R is connected to the 
grid of a triode valve; and the fluctuations in its potential 
generate magnified fluctuations in the ‘plate-current’ of 
the valve. 


CHAPTER XXVII 
UNITS, AND DIMENSIONS OF UNITS 


Units.—Any physical quantity is expressed numerically in 
terms of some convenient magnitude of the same concrete kind, 
and the expression for the quantity involves two components, 
viz. : (i) a mumeric or numerical factor, which is the ratio of the 
quantity to its unit, and (ii) the z#z¢ with which the quantity is 
compared. Thus, the statement that a length is ‘3’ is incom- 
plete since it does not include the unit with which the length 
is compared ; but the statement that a length is ‘3 yards’ is 
complete, and it implies that the length has been compared 
with a yard, which is here the unit, and the ratio has been 
found to be 3. 

Any quantity may, of course, be re-expressed in terms of 
another unit, providing that the ratio between the units is 
known, Thus, if 7, is the numeric of a given quantity in terms 
of a unit 7, and if 7, is the numeric of the same quantity in 
terms of another unit z., then 

Ny X16) = My X ey 
or, My =N X a 

us ‘ 

The expression 2,/z. is termed the change ratio for the con- 
version from the first unit to the second, and is that factor 
which, when multiplied by the original numeric, gives the new 
numeric required. For example, if the quantity ‘3 yards’ is to 
be expressed in terms of the foo¢ as unit, then 


I yard _ 


Ma 3% "foot o 


FUNDAMENTAL. UNITS 515 


Units may be chosen arbitrarily, each independent of any 
fact or circumstance, or each may be based upon some physical 
property of the universe which is least likely to change with 
time or place. Any complete system in which certain funda- 
mental units are used, and in which all other units are derived 
from the fundamental units, is termed an absolute system of 
units. The term aéso/ute was first introduced by Gauss, in 
1832, in connection with his measurements of the intensity of 
the earth’s magnetic field, and the same system was extended 
to electrostatic and electromagnetic quantities by Weber in 1851. 

Fundamental Units.—Since all physical quantities can be 
expressed in terms of a length, a mass, and a period of ¢ime, the 
units of these three quantities are termed fundamental units. 
The units of other physical quantities are based upon these 
fundamental units, and are termed derived units. The system 
of fundamental units now universally adopted is that based 
upon the centimetre, the gramme, and the mean solar second as 
units of length, mass, and time; it is known as the C.G.s. 
(centimetre-gramme-second) system. 

The CGS. unit of length is the ;}5th part of the metre, which 
is defined as the distance between the extremities of a certain 
platinum bar at o°C. The standard metre was constructed by 
decree of the French Republic in 1795, by whom it was enacted 
that the metre should be one ten-millionth part of the distance 
between the equator and the north pole. The arc of a meridian 
between Dunkirk and Barcelona was measured by Delambre, 
and the platinum standard was made by Borda. The following 
are the recognised multiples and sub-multiples of the metre : 
The decimetre, or zy of the metre. The dekametre, or 10 metres. 

3, centimetre, OL xéy 55 de 5, Aektometre, or 100 5 

3, mullimetre, OY yA5y 55 - ;, Ailometre, or 1000 ,, 
micron (wu), or 107% millimetre. 
millimicron (up), or 107* millimetre. 

The 6.4.8. unit of mass is the gramme, and is defined as the 
mass of 1 cudic centimetre of water at 4°C. The gramme is 
really the one-thousandth part of the French standard of mass, 
which is a piece of platinum, called the “Kilogramme des 
Archives,” made by Borda by decree of the Republic named 


above. 
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The C.G.S. unit of time is the mean solar second, and is defined 
as the ggipo part of the mean solar day, which is the average 
time interval between successive transits of the sun across the 
meridian at any place. This unit is probably subject to a slow 
progressive lengthening due to a retardation caused by frictional 
resistance of the surrounding medium and to tidal effects. 

The British fundamental units are the foot, grain, and second. 
These were used in British magnetic observations until recently, 
but they have now been superseded almost entirely by the 
C.G.S. system. 

Dimensional Equations.—The equation for a velocity is 
usually written v=s/¢, where s and ¢ represent a length and a 
period of time respectively. Strictly speaking the symbols in 
this equation are merely #wmerics, and the equation would be 
written more accurately thus 


where [V], [L], and [T] represent the units of velocity, length, 
and time respectively. If v,s, and ¢ are each equal to unity, 
then [V]=[L/T}. 
This equation refers to the units only, and is known as a dimen- 
sional equation. It may be expressed in words thus: a velocity 
zs of one dimension in length and of minus one dimension in time. 
The dimensions of various derived units —dynamical, electro- 
static, and electromagnetic—will be stated in the following 
paragraphs. Dimensional equations serve (i) to check the 
correctness of an equation and (ii) to aid the conversion of a 
quantity from one system of units to another. 


DERIVED DYNAMICAL UNITS 


Velocity.— A body has unit velocity when it traverses unit 
length in unit time. The C.G.S. unit is equal to one centimetre 
per second. The general equation is v=s/Z, and the dimensional 
equation is [V]=[L3r-1). 

Acceleration (a).—A body has unit acceleration when its velocity 
changes by unity in unit time. The C.G.S. unit is one centi- 
metre per second per second. The general equation is 

a=(v_-%)/4, 
hence, [oJ=[V]/[T]=[LT-2]. 
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Force (/).— Unit force creates unit acceleration in unit mass. 
The C.G.S. unit of force is the dyne. The general equation is 
f=ma, hence L/}=(MEr-]. 

The dimensions of a couple are [ML°T~?]. 

Work (w).— Unit work is done when unit force acts through 
unit distance. The C.G.S. unit of work is the evg, and is equal 
to the work done when the point of application of a force of one 
dyne moves in the direction of the force through a distance of 
one centimetre. The Joule is equal to 107 ergs. The general 
equation is w=/s, hence 

[we] =[ML?r-*]. 

Energy is measured in the same units as zor, and its dimen- 
sional formula is therefore the same. 

Power (f).— Unit power ts capable of doing unit work in unit 
vime. The C.G.S. unit of power is capable of doing one erg of 
work per second. The waft is equal to 107 ergs per second, 
and the orse-fower is equal to 550 foot-pounds per second or 
to 746 watts. The general equation is J=w/f, hence 


[2] =[ML’r~*]. 
DERIVED ELECTROSTATIC UNITS 


Quantity (7).— The unit of quantity ts that which, when concen- 
trated at a point at unit distance from an equal and similar 
guantity, and surrounded with air as dielectric, is repelled with 
unit force. The general equation is /=g?/Kd*, when K is the 
specific inductive capacity of the dielectric. The dimensional 
formula of an electrostatic quantity is therefore equal to the 
square root of the product of the dimension of a force, of 
inductive capacity, and of the square of a distance ; hence 

(7]=[Mur- x Ki}! =[Mtn? TK ?)* 

Surface Density (o).—Z%e surface density of an electrostatic 
charge is measured by the quantity un unit area. Hence 
o=g/A, and : : 

[o]= (min?) K*}/[L?]= [mt Lo Spt}, 
* Since the physical nature of specific inductive capacity is unknown, we are unable 


to express its dimensions in terms of the fundamental units; the symbol K is there- 
fore allowed to remain in the dimensional equations, where it represents the unknown 


dimensions of this property of the medium. 
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Intensity of Field (F).— The intensity at any point of a field is 
measured by the force with which unit quantity is acted upon if 
placed-at the point. Hence f=F xg, and 

3 1 Eee | eed 
[F]=[MLT~?] J(u ntrtk? |= men tomlin 

Potential Difference (v).—Poéential difference ts measured by 
the work required in order to convey one unit of positive 
electricity from the potnt of lower to that of higher potential. 
Hence w=g xv, and ; 

1 $3 1 = 
[v]=[Mr-?) /[ MeL? KY =([M*L?T 7K 4. 

Capacity (c)—The capacity of a conductor is the quantity of 
‘electricity required to raise its potential by unity. Hence g=cv, 
3 1 oe Lae 

and (]=(w'n eK} (win?r 7K *]=[LK}, 

Current (1).— The strength of a current ts equal to the quantity 
of electricity which passes across a gtven cross-section in unit 
time. Hence I=g/¢, and 

aL 1 
{1} =(M@L'T2K?}, 

Resistance (R).— Zhe resistance of a conductor ts defined as the 
ratio of the potential difference between its ends to the resultant 
current. Hence R=v/I, and 


[R]=[E>TK=}. 


DERIVED MAGNETIC UNITS 

Unit Magnet Pole (7z).—The unit pole is defined inthe same 
manner as the unit quantity of electricity, except that the 
specific inductive capacity (K) of the medium is replaced by 
permeability (4). Hence 

[v2] = (mn? al 

Intensity of Field (H).—7he intensity at any point is measured 
by the force with which unis pole ts acted upon if placed at the 
point, Hence f=H xm, and 

pre a fae ony 
(H]=([er) (acne) = [ot ry), 

Magnetic Moment (M).—7he moment of a magnet ts the pro- 
duct of the pole-strength and the distance between the poles. 
Hence M=mxJZ, and 


(M]=(w?n!rph, 
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Intensity of Magnetisation (1).—7he intensity of magnetisation 
ts the magnetic moment per unit volume. Hence 1=M/V, and 


2 ee 1 = Gee! 
(1) =(etntrt3 3) =[ et Ppa), 
it is evident that the sus/ace density of magnetism has the 
same dimensions. 


Susceptibility (£).— The susceptibility is defined as the ratio of 
the intensity of magnetisation to the field intensity, or k=1/H. 


Hence [z]= (i ey] / [wi ay 4 =[+]. 
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Current (7).— By definition (p. 255) a current has unit strength 
when 1 cm. length of the circuit bent into the form of an are, 
of 1 cm. radius, exerts a force of one dyne on a unit magnet 
pole placed at the centre of the arc (or, in other words, creates at 
the centre a magnetic field of unit intensity). The intensity of 
the field at the centre of a complete circular circuit of radius 
a, and traversed hy a current 2, is (p. 255) equal to 272/a 
Hence, since 27 is a numerical constant, the dimensional 
formula of a current is equal to the product of the dimensions 
of a field-intensity and of a length, or 


()=[oPn rtp), 


Quantity (Q).— Unit quantity of electricity ts conveyed by unit 
current in unit time. Hence Q=z¢, and 
Toe 
| (Q)=( it) = (2? 4, 
Potential Difference (E).—Umzt potential difference exists be- 
tween two points when unit work is required in order to convey 


unit quantity of positive electricity from one point to the other 
against the electric force. Hence E=W/Q, and 
[E}=(mner-2) [en 4) [etna 2 
A similar formula may be derived from the following defini- 
tion: Unit potential difference is set up between the ends of a 
conductor which moves with such velocity that tt cuts one mag- 


netic line of force per second. Thus, if a conductor of length / 
moves with a, velocity v in a direction perpendicular to its 
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length and to a magnetic field of intensity H and permeability 
p=1, then e=/vH, and 


22s) a oe oe x ME Pr 49 Ea ee 43a], 
Resistance (R).—Since R=E/z, 
[R]=(E]/[4]=2T py), 
Capacity (c).—Since 6—@/ 
[]=[Q]/[E)=[E*P'e), 
Inductance (L).—A circuit has unit inductance when unit 
electromotive force ts generated by the variation of the current at 


the rate of one unit of current per second. Hence L= 2/ @ = AT 


-(L]=(E Yet =e tte 4) = [at] 
Ratio of the Electrostatic to the Electromagnetic Units. 
—For convenience of comparison the dimensions of the prin- 
cipal units in the two systems are given in the following table: 


Unit Electrostatic Electromagnetic Bena 
3 
Quantity- -| [M@n?r-1K} Minty ty (LT-1K 2,3] 
Sgt 
Current - -| [M?L?T-2 cy (MeL? T-1y2] [Lr-1K 2,2] 
Potential 4, dm $m-2. 4 -imyz—t,,- 3 
eet ~| (ter 8) | ptete-e2y | perk 3] 
Capacity - - [LK] [Leg Dae [L°T-?Ky] 


It will be seen that the dimensions assigned to any physical 
quantity in the two systems are not the same. But it must 
be borne in mind that the dimensions of K and of mare 
not known, and that they may be such that the dimensions of 
a given unit are the same in both systems. Thus, if the 
dimensions for the unit of quantity are equated, 


[ork = 1, 
or mr)=[F | 


Hence, if. K> by -? has the same dimensions as a velocity, the 
dimensions of shes unit in the two systems are the same. 
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Until recently K and wu have been regarded as purely numeri- 
cal quantities and having no dimensions in terms of M, L, or T. 
But it is now agreed that the dimensions of K and mu cannot be 
disregarded, and that their product must be capable of expres- 
sion in terms of a velocity which is definite and characteristic of 
the medium. This velocity is usually denoted by the symbol ‘vz.’ 

Determination of ‘v.’—Suppose that a definite quantity of 
electricity is measured by an electrostatic method and is found 
to be z, E.S. units, and also by an electromagnetic method and 
found to be 7, E.M. units ; then 


n{M LT K*] = tof ML *), 
Ms -} -} 
or —[LT]=K 7p =v. 


Here ~, and z,, are the numerics, or number of units, which 
are required in each case to make up the same total quantity of 
electricity ; and the greater the numeric the less must be the 
magnitude of the unit. Hence the ratio of the units must be 
equal to the inverse ratio of the numerics. If these units are 


Q, and Q,,, then 
Qm/Q:=7, 


or I E.M. unit of quantity=v E.S. units. 
Also, by reference to p. 520, 
I E.M. unit of current=v E.S. units, 
tees. »  capacity=v* E.S. units, and 
v E.M. units of potential difference=I E.S. unit. 


Experimental Determination of ‘v.’—The following methods 
have been applied to the experimental determination of ‘v’ : 

(i) By Measurement of a Quantity of Electricity—Weber and 
Kohlrausch (1856) measured in E.S. units the charge in a con- 
denser by transferring a known fraction of it to a Coulomb 
torsion balance. The charge was also measured in E.M. units 
by discharging the condenser through a ballistic galvanometer. 
The value of ‘v’ was found to be 3.107 x 10! cms. per second. 

{ii) By Measurement of a Potential Difference—Lord Kelvin 
determined the potential difference in E.M. units between the 
ends of a wire by measuring the resistance of the wire and the 
current traversing it. The potential difference in B.S. units was 
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measured by means of an absolute electrometer. The value of 
‘vy, by this method, was 3.004 x 10! cms. per second. 

(iii) By Measurement of a Capacity.—Ayrton and Perry (1879) 
calculated the capacity in E.S. units of a standard air condenser 
by measurement of its dimensions; and the capacity in E.M. 
units of the same condenser was measured by discharging it 
through a ballistic galvanometer. The ratio of the two measure- 
ments is equal to v?, and v was found to be 2.980 x 10" cms. 
per second. 

The mean value of ‘v’ is approximately 3 x 10! cms. per second 
—a value which agrees closely with the velocity of light in vacuo. 

It may be added that Maxwell predicted from theory that 
an electrostatic charge of g E.S. units moving with a velocity 
z, is equivalent to a current of strength gw E.S. units or gz/v 
E.M. units ; also, that if two similarly charged bodies are moving 
rapidly along two parallel paths, then, at a certain velocity, the 
electromagnetic attraction is balanced by the electrostatic re- 
pulsion between the charges, and that there is no force between 
them. Prof. Rowland, in 1875, verified the magnetic effect of a 
rapidly moving electrostatic charge by suspending an astatic 
needle near to a charged gilt ebonite disc which revolved at a 
high speed. Two fixed glass discs, gilt on the faces next to the 
ebonite disc, served to protect the needle from electrostatic 
effects and air currents. An appreciable deflection of the 
needle was observed, and the direction of the deflection was 
reversed when the sign of the disc’s charge was reversed. This 
subject is also referred to on pp. 503 and 529. 

Practical Units.—Several of the absolute units in the C.G.s. 
system would be inconveniently small, others would be incon- 
veniently large, for practical purposes. The magnitudes of the 
practical units were agreed upon by the Paris Congress of 1881: 
those of resistance, electromotive force, and of current have 
been referred to already (p. 293), but they are given here for 
purposes of reference. 

Resistance.—The om is equal to 10° c.G.s, electromagnetic 
units. It is represented theoretically by a velocity of 109 cms. 
per second (p. 431). For practical purposes it may be defined 
as the resistance at o°C of a column of mercury, 1 sq. millimetre 
cross section and 106.3 cms. long (p. 430). 
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Electromotive Force——The wo/¢ is equal to 108 C.G.s. electro- 
magnetic units. As a practical standard the E.M.F. of a Weston 
cadmium cell is taken as. 1.0183 volt at 20° C. 

Current.—The am~ere is equal to the current which an E.M.F. 
of one volt will maintain in a circuit of one ohm resistance ; 
hence, 1 ampere=1o8/109=1071 C.G.s. unit. In practice, the 
ampere is defined sufficiently as the current which will deposit 
0.001118 gram of silver per second. 

Quantity.—The coulomb is the quantity conveyed in one 
second past any transverse section of a circuit traversed by a 
current of one ampere. It is therefore equal to 107 C.G.s. 
electromagnetic unit. 

Capacity.— The /avad is the capacity of a condenser which has 
a charge of one coulomb when the potential difference between 
its plates is one volt. Hence, 1 farad=10~1/108=10~° C.G.s. 
electromagnetic unit. The wztcro-farad, or millionth part of one 
farad, is equal to 10~ C.G.s. unit. 

Inductance.—The fenry is the self-inductance of a circuit in 
which an opposing E.M.F. of one volt is set up when the current 
varies at the rate of one ampere per second. Hence, since 


L=— /Z (p. 418), 1 henry=108/10-!= 10° C.G.s. electromag- 


netic units. 

Work.—The joule is equal to the electric energy expended 
when one coulomb passes between two points which differ in 
potential by one volt. Hence, 1 joule=101x 108=10" C.G.s. 
units of work (evgs). 

Activity—The watt is the rate of work when one ampere 
flows between two points which differ in potential by one volt. 
Hence, 1 watt=107!x 108=107 C.G.S. units of power (ergs per 
second). 

The prefixes mega and micro signify one million and one 
millionth part ,respectively ; thus, 1 megohm=1o® ohms, and 
I microhm=10-6 ohm. The prefixes 42/0 and mili signify one 
thousand and one thousandth part respectively. 

Extremely large or small numbers are written most con- 
veniently in the system known as the zmdex. notation, in which 
the number is expressed as the product of two factors, one of 
which is a power of the number Io. Thus, 24600 may be 
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written 24.6 x 10? or 2.46x10'; also, 0.00246 may be written 
24.6x 10* or 2.46x 10-8. It is found convenient to place the 
decimal so that the exponent of the power of 10 is the charac- 
teristic of the logarithm of the number ; thus, 64 millions would 
be written 6.4 x Io’, and not 64 x 10°. 


Examples in the use of Dimensional Equations.—1. Express the 
acceleration due to gravity in terms of the mile and the hour as units of 
time, when its value is 981 in C.G.s. units. 

If is the numeric of an acceleration when L and T are the units of 
length and of time, and if 7, is the numeric of the same acceleration 
when L, and T; are the units of length and time, then 


lL : 
My X T? =X 7a 
or My = 2X a x = 
1=7 iF Tz 
But m=981, and L=T=1. 
Also L, =(1760 x 3 x 30.5) =1.6104 x Io® cms., 
T, = 3600 seconds ; 
: (36co)? : 
. %,=981 X Dhreet ae ae miles per hour per hour. 


2. If the horizontal intensity of the Earth’s magnetic field is 0.18 
C.G.S. units, what is its value in British (or foot-grain-second) units ? 


The dimensions of magnetic field intensity are (M2L~37-1,-2], 
The quantities T and u have the same value in the two systems ; hence 


a 
manx()(BY? 
lL 
But n=0.18, 


M 1 gram 
and Se ERC 
M, I grain 15-43, 


L, _1-foot 
and past Esa . 
L tIcm. 30:55 


*: Wj =0.18 X (15.43)2 x (30. 5)2= 3-903 ft.-grain-sec. units. 
3. The time of swing of a magnet suspended so as to swing freely in 


a horizontal plane is equal to 27 /T/MH, where I and M are the 


moment of inertia and the magnetic moment of the magnet. Verify 
that this formula has the dimension of a period of time. 
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Since [1] =[M1"), 
and [M]=[M2n2r-1,.2), 
and (H]=[MeL- Sr -1,-3}, 

Then [VI/MH]=[NT?]=[T]. 


4. The time of swing of a simple pendulum depends only on its 
length and on the value of g. How does the time of swing depend 
upon the length? 


Let tec /g¥, where x and y are unknown. 

Then [T]=[LF[LT- 2}? 
=[LP*(T]-*. 

Hence xK+y=0, and —2y=1; 


or 


Therefore 7x igh 3 or, the time of swing ts proportional to the 
square root of the length. 


SUMMARY 


Units.—The expression for any physical quantity involves two com- 
ponents: (i) a meric, and (ii) the wzt in terms of which the 
quantity is expressed. 

In order to express any quantity in terms of another unit, the first 
numeric must be multiplied by the ratio of the first unit to the second 
unit ; this ratio is termed the change ratio. ‘ 

The units of Zemgth, mass, and time are termed fundamental units ; 
and any system of units derived from fundamental units is termed an 
absolute system. In the C.G.S. system, the fundamental units are the 
centimetre, the gramme, and the second. 

Dimensional Equations. —Quantities which are of the same kind are 
said to be of the same dimensions. Thus, a straight line is said to be of 
one dimension in length, and a volume is of three dimenstons in length. 
A velocity is of one dimension in length and of minus one dimension 
in time; and this may be written 

[V]=[LT-}} 


The dimensions of all electromagnetic and electrostatic units may be 
expressed in terms of the fundamental units and the permeability « in 
the former case, and in terms of the fundamental units and the specific 


inductive capacity A in the latter case. 
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The dimensions of K and of u are unknown, but their product has 
the dimensions of a velocity, or 


Lvaele| at 


Determination of ‘v’.—The expression 1/VKy is usually denoted 
by the symbol v. It is evident, from the dimensional formulae, that 


1 electromagnetic unit of quantity=wv electrostatic units. 


I » x» 9, Current=v 5) ” 
itv —72 

I ” 9» 33 Capacity=v ” ” 

v ~ units of P.D. aot Be unit. 


The numerical value of v can be determined by either of the following 
methods : 

(i) By measurement of a guantzty of electricity in both electrostatic 
and electromagnetic units. 

(ii) By measurement of a otertial difference in both systems. 

(iii) By measurement of a capaczty in both systems, 


Practical Units 


Resistance: The of7z2 =10° c.G.s. electromagnetic units. 
E.M.F. : The volt  =108 
Current: The ampere =107} 
Quantity: The coulomb=10-} 
Capacity: The farad =10~9 
also, the mzcrofarad=10-% 
Inductance: The hezry =10° 7 A 5 
Work : The joule =10"  C.G.s. units (or evgs). 
Activity: The watt =107 i »» (or exgs per second). 


99 ” ” 


QUESTIONS ON CHAPTER XXVII 


1. If the dimensions of a force are MLT~?, find the number of dynes 
in a poundal. 

2. Calculate the factor for the conversion of kilowatts into horse- 
power units. (The dimensions of Jower are [ML?T-3]; also 1 lb. = 
453-6 grams, and 1 ft. = 30.48 cms.) 

3. The intensity of the magnetic field at a point distant d cms. from 
the centre of a magnet, of moment M, and situated on its axis produced 
is equal to 2M/d* approximately. Verify that this formula has the 
dimensions of a magnetic field intensity. What alteration must be 


made in the formula if the permeability of the medium is taken into 
consideration ? 
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4. The E.M.F. set up in an earth-inductor of area A which is 
rotated with angular velocity » round an axis perpendicular to the 
lines of force of a field of intensity F is equal to wAF, the medium 
having a permeability equal to unity. Ifthe medium has a permeability 
#, verify that the formula for the E.M.F. generated has the same 
dimensions as a potential difference in the electromagnetic system. 

5. Prove that the left and right-hand members of the equation, 
O= ps . sin ;, for a ballistic galvanometer have the same dimensions. 

6. What would be the values of the practical units of current, 
E.M.F., and resistance in C.G.S. units if the fundamental units were 
= sec., L=10" ems., and M=107" gm.? 

7. Describe the electrostatic and electromagnetic systems of units. 
Find on each of these systems the dimensions of (1) potential difference ; 
(2) capacity of a condenser ; (3) specific resistance. 

8. If the magnetic moment of a bar magnet is I.6 x Io in the milli- 
metre-milligram-second system, find its moment in (i) the c.G.s. system 
and (ii) in the foot-grain-second system. 

g. If the centimetre and the gram are the units of length and mass 
respectively, find the magnitude of the unit of time so that the weight 
of one gram is equal to the absolute unit of force. 

10. What are the practical units of quantity, current, resistance, 
E.M.F., capacity, energy and power? Give a table showing the connec- 
tions between these units, and their value in C.G.s. absolute units. 


CHAPTER XXVIII 
ELECTRO-MAGNETIC THEORY 


Transfer of Electric Energy through a Dielectric.—Recent 
advances in our knowledge of electric phenomena point to the 
conclusion that the transference of energy by means of an 
electric current. is located as much in the surrounding medium 
as in the conductor itself, and that the function of the latter is 
largely to serve as a guide to the path which the flow of energy 
follows, and to serve as a place in which the energy may be 
dissipated. The passage of a current in a simple voltaic 
circuit involves the presence of a magnetic field in the surround- 
ing dielectric, and we may imagine this field to be sub-divided 
into cells or compartments by the intersection of the magnetic 
equipotential surfaces and the magnetic tubes of force, the 
energy at any point due to this field being equal to wH?/8z, where 
H is the magnetic intensity at the point and yp is the perme- 
ability of the medium (p. 384). At the same time, since the 
passage of a current involves a potential difference between 
different parts of the circuit, there must be, of necessity, an 
electrostatic field of force which we may imagine to be sub- 
divided into cells by the intersection of electrostatic equi- 
potential surfaces and electrostatic tubes of force; also, the 
energy at any point due to this field is equal to KF2/8z, where 
F is the electrostatic intensity at the point and K is the specific 
inductive capacity of the medium (p. 181). In any simple 
voltaic circuit, the energy in the field is entirely electrostatic 
before the circuit is completed ; but, as soon as the circuit is 
closed, the energy in the dielectric becomes partly electro- 
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magnetic and partly electrostatic; it is then imparted gradually 
to the conductor, and there becomes dissipated as heat. 
Fig. 354 represents the electrostatic field in the medium enclosed 
by a voltaic circuit in which a uniform conducting wire, which 
connects the poles of a voltaic cell, is bent twice at right angles. 
If the point A is earth-connected, corresponding points on 
opposite sides of the circuit will have equal and opposite 
potentials, and the equipotential surfaces are indicated by the 
dotted lines. The electrostatic tubes of force are everywhere 
normal to the equipotential surfaces (p. 148), and may be 
represented by the thin continuous lines. At points near to 
the battery the P.D. between corresponding points on the flow 
and return circuit will be greater than the P.D, between points 
at a greater distance from the battery: hence, as the distance 
from the battery increases, the number of equipotential surfaces 
between the flow and return wire will become smaller, as shown 


EE 
itd 


Fic. 354. 


in the diagram; also, for the same reason, the electrostatic tubes 
of force will be less crowded between the corresponding points 
more distant from the battery. Since the electrostatic tubes of 
force are always perpendicular to equipotential surfaces, they 
cannot meet the surface of the conductor normally ; hence they 
are not in equilibrium, and their ends travel along the surface 
of the conductor from left to right (Fig. 354). This process 
sets up a magnetic field, of which the tubes of force are per- 
pendicular to the plane of the diagram and are directed, within 
the boundary of the circuit, through the paper and away from 
the observer; also, the magnetic equipotential surfaces are 
planes passing through the axis of the conductor. The relative 
direction of the magnetic field may be remembered by applying 
a rule which resembles Fleming’s right-hand rule (p. 413): 


H.M. Ss. 
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if the extended thumb of the right hand represents the direction 
of motion of the electrostatic tubes of force, and tf the first jimger 
represents the direction of the electrostatic force, the second finger 
(bent at right angles to the palm) then represents the direction 
of the magnetic field. Prof. Poynting has shown that the paths 
along which the energy flows into the circuit are perpendicular 
to the plane containing the lines of electric force and the lines of 
magnetic force—or, in other words, the paths coincide with 
the intersections of the magnetic and electrostatic equipotential 
surfaces. . 

The energy thus transferred from the medium to any given 
length of the circuit is frittered away as heat within that portion 
of the circuit; and we may regard the whole process as _in- 
volving the gradual transference of energy from the voltaic 
cell to the dielectric, and the simultaneous transference, along 
the exergy paths, of energy from the dielectric to the circuit. 

The current in a simple voltaic circuit assumes its maxi- 
mum value only after a short, but appreciable, interval of time. 
During this interval, the energy of the current represents only 
a part of the energy withdrawn from the cell, the remainder 
being transferred to the surrounding medium. When the 
circuit is broken, the energy in the medium returns into the 
circuit, and gives rise to the extra current (p. 417)—at least 
this happens if the change in the current is comparatively slow ; 
but, if the change is sufficiently rapid, much of this energy is 
thrown off from the circuit in the form of electromagnetic waves. 

Displacement Currents.—A conductor which connects the 
poles of a battery is traversed by a steady current, and the 
total flow of electricity across any 
cross-section is the same at all points 
of the circuit. If a simple air-con- 
denser is included in the circuit 
(Fig. 355) then, during a short interval 
after closing the circuit, each wire is 
traversed by a current which rapidly 
diminishes to zero. The space be- 
tween the plates is now traversed by Faraday tubes, and is in 
a condition of electrostatic strain. Maxwell supposed that the 
electrostatic force between the plates causes an electric dis- 


Fic. 355. 
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placement which is proportional to the force, positive electricity 
being displaced in the direction of the force, and that the 
quantity of electricity displaced across any cross-section of the 
dielectric between the plates is equal to the quantity of elec- 
tricity transmitted across any cross-section of the circuit. The 
electric displacement is equivalent to a strain, which opposes 
the stress, and the displacement ceases as soon as the strain is 
sufficient to balance the stress which gives rise to it. 

Maxwell also supposed that this electric displacement is 
equivalent to an electric current, which is measured by the 
rate of change of the displacement, and creates a magnetic 
field in the surrounding dielectric. A magnetic field, created 
in this manner, would disappear as soon as the displacement 
current ceases ; but if the charged plates are discharged, the 
magnetic field momentarily reappears in a reverse direction : 
in fact, a magnetic field is only set up when the electrostatic 
field is undergoing change. 


Dr. H. A. Wilson! has recently proved that an E.M.F. is induced in 
a dielectric when it is rotated in a magnetic field in such a manner as 
to cut the lines of force, and that the direction of the electric displace- 
ment is the same as that which is created in a conductor moving under 
similar conditions. The method employed was to rotate a cylinder of 
ebonite in a magnetic field of which the lines of force coincided in 
direction with the axis of the cylinder. The inner and outer surfaces 
of the cylinder were each covered with a metal plate, and sliding 
brushes making contact with the plates were connected to one pair of 
quadrants of an electrometer and to earth respectively. The electro- 
meter was calibrated previously by means of a guard-ring condenser. 
The E.M.F. set up between the cylinder’s surfaces and calculated from 
the observed deflections was in close agreement with the value calculated 


from theory, viz. : 


E=n7H (7,2 — 74?) es i). 


where 7, and 7, are the external and internal radii of the cylinder, # the 
number of revolutions per second, K the specific inductive capacity of 
the dielectric, and H the intensity of the field. 


Magnetic Force caused by the Motion of Electrostatic 
Tubes of Force,—A steady current traversing a wire is equivalent 


1 Proc. Roy. Soc., vol. 73, 1904. 
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to a series of insulated conductors charged electrostatically and 
moving with considerable velocity along a path traced out by 
the wire. In the surrounding dielectric there would be 
(i) Faraday tubes, radiating outwards from the charged con- 
ductors, and (ii) »agnetic lines of force at right angles to the 
Faraday tubes and to the direction of motion of the conductors. 
Faraday tubes at rest do not create a magnetic field, but 
Rowland’s experiment (p. 522) shows that a magnetic field is 
created by tubes in motion, even when the intensity of the 
electrostatic field remains constant. Hence, a magnetic field 
may be due either to displacement currents or to Faraday tubes 
in motion. In Rowland’s experiment, if the disc is charged 
positively and rotated in an anti-clockwise direction, it is 
evident, by applying the rule suggested on p. 530, that the 
direction of the magnetic field above the disc is from the centre 
to the circumference. 

Electric Elasticity.—The coefficient of elasticity of any 
elastic material is defined as the ratio of the applied mechanical 
stress to the strain produced by the stress. The electric stress 
to which a non-conducting medium may be subjected by an 
electric field of force, and the resulting electric strain, are 
analogous to this; and we may speak of the electric elasticity 
of the medium. Thus, consider the case of a charged insulated 
sphere and the electric stress and strain produced in a thin 
concentric spherical shell of the dielectric surrounding the 
sphere. If a charge +Q is imparted to the sphere, charges 
equal to —Q and +Q will be induced on the inner and outer 
surfaces of the shell. If the radius of the shell is ~ cms., then 


Stress = electric force per unit area=Q/K?7*, and 
Strain= quantity displaced per unit area=Q/4rr* ; 


Stress 47 
Strain K’ 

Maxwell's Electro-magnetic Theory,—The question which 
naturally arises is whether the lines of force in the neighbourhood 
of a conductor conveying a current appear instantaneously, or 
whether the final condition follows a sequence of changes 
propagated through the medium. Thus, supposing the current 
to acquire its maximum value instantaneously, we can imagine 


hence, Electric elasticity = 
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magnetic lines of force spreading outwards from the conductor 
with a definite velocity—some expanding to a more distant 
position than others ; also, an electric displacement is set up in 
the medium, the direction of the displacement being perpen- 
dicular to the magnetic lines and parallel to the conductor. If 
the current now increases gradually, we can imagine how each 
small increment of current is accompanied by the generation of 
fresh lines of force, spreading outwards and increasing the 
concentration of lines at all points of the field, and how each 
such increment creates a commensurate displacement. If the 
current is rapidly periodic, varying from zero to a maximum and 
back to zero, the medium will be traversed by she//s of magnetic 
force and of electric displacement travelling outwards from the 
conductor—like waves of light from a candle flame. The 
velocity with which an electric disturbance travels through a 
medium may be deduced from the parallel case of the pro- 
pagation of a transverse vibration through an elastic medium. 
In the latter case, the velocity of propagation is given by the 


formula AE, 
v=N=, 


where @¢ is the elasticity of the medium, and D is its density. 
If we substitute for ¢ the electric elasticity = (p. 532), and for 


D the electric density 47p (p. 434), we obtain for the velocity 
of propagation of an electric disturbance 


NUE a Th a 


It is impossible to determine the separate values of K and of p 
for the ether which is concerned in the propagation of an 
electric disturbance—the values usually given to these quantities 
are ratios and not absolute values. But the value of their 
product can be determined by the methods described on p. 521. 

By forming equations which express the changes in the field 
due to an assumed propagation ot electromagnetic effects, 
Maxwell (in 1867) deduced an equation for the velocity of 
propagation which is analogous to that for the velocity of a 
disturbance in an elastic solid and is in exact agreement with 
that deduced above. Maxwell’s elaborate treatment cannot 
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be reproduced here, but the process of reasoning may be 
understood from the following paragraphs. 


Let LR (Fig. 356) represent a small rectangular prism of the dielectric, 
and let the dimensions of the prism be LM=1 cm: LO=6x, and 
LP=déy (where 6x and 
RA Se EE aR dy are extremely small 

SES . lengths); also suppose 
22a the prism to be so placed 

vm, that the edge. LM is 
parallel to the axis of a 
straight conductor AB. 
In order to investigate the 
electromagnetic effects set 
up in LR by the estab- 
lishment of a current in 

) Q AB we may consider 

Fic. 356. either that LR is fixed 

and that the effects are 

due to the propagation through it of lines of force due to a current 

which is suddenly established, or we may regard the field as already 

established and that the effects are produced by a movement of LR 

towards AB and along a path perpendicular to LM, the velocity being 

equal to that with which the electromagnetic effects are propagated 

through the dielectric. In the reasoning which follows, we will adopt 
the latter assumption. 

The movement of the prism of dielectric will create in it an electro- 
motive intensity in just the same manner as though the prism were of 
conducting material. If B is the flux-density, or magnetic induction 
through unit area, in the region occupied by LM, the electromotive 
intensity set up along LM is equal to Bu, where v is the velocity with 
which LM moves towards AB, or E=Bv. 

Differentiating this with respect to x«, we have 


’ \ 


EO on, ee, AS 


ay Wik 
But, since v=dx/dt, dx=v. dt, 
Therefore gE _ yee 
at ax 
dE /dB 
or ead [idly 
aan a ie a (1) 


Both dE/d¢ and dB/dx may be expressed in terms of the electric and 
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magnetic constants, K and yw, of the dielectric. Thus, it has been 
shown (p. 532) that E/D=47/K, where D is the electric displacement. 
Therefore dE 4m dD 


Similarly @B/dx may be resolved into terms involving the displacement 
current and a constant, by applying the principle that ¢he dine integral 
of the magnetic force round a given path of a current is equal to am times 
the surface integral of the total current through the area bounded by that 
path.1 The magnetic induction along LP is equal to B, and directed 
downwards ; also the induction along OQ is equal to 


(2+Z-*) 


and directed ace es Since B=yH, the magnetic forces along 


LP and OQ are . and 2(B+ ge 


5 . dx) respectively ; and, since the 


induction along the dee LO and PQ is zero, the line integral of 
the magnetic force round the path LPQO is 


peated td 


Od OP: 
pb ax” sine 


The surface integral of the current is equal to the product of the 
intensity of the displacement current and the area of the surface 
LPQO; hence, since the displacement current is equal to the time 
rate of change of the displacement, z.¢. to dD/d?, 


I dB aD 
ane Se OAt 0 
tae . 6x. dby=4r x Hi x. OY 
aB 7.) ' 
or in tle zi ape Feng Meigs Sos sinidls one ablielelae Westies (3) 


The displacement current therefore can be expressed, as in equations 
(2) and (3), either in terms of the electromotive intensity set up in the 
prism or in terms of the magnetic induction in a plane perpendicular 
to the displacement. Whichever expression is adopted, the displace- 
ment current is the same; and therefore 
dD_K + adE_1_ 4B 
dt 4m dt anu ax’ 
dE /dB_ iI 
or oS ee 
at{/dx pK 
- For example, the magnetic force at a point distant 7 cms. from an infinitely long 


straight wire conveying a current 7 c.c.s. units is equal to 21/r (p. 257). The line 
integral of the magnetic force is therefore 277 x 2t/r= 471. 
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Hence, from equation (1), 
I 


Qa — 


Ku 


Thus an electromagnetic wave consists of an electric force and 
of a magnetic field set up in the dielectric in directions at right 
angles to each other and’ both at right angles to the direction 
of propagation. By comparison of the electromagnetic and 
electrostatic units of quantity, and by other methods (p. 521), 
it has been proved that 1//Kp, when air is the dielectric, is 
equal to the velocity of light in the same medium. Maxwell 
concluded that the same medium is involved in the propagation 
of both optical and electromagnetic phenomena, and that both 
are identical in character. This conclusion was verified, at a 
much later date, by the experiments of Hertz (p. 553). 


Relation between se and the Refractive Index of a 


Dielectric,— Maxwell Stated as a further deduction from his 
electromagnetic theory, that the specific inductive capacity of 
any dielectric should be equal to the square of tts refractive index. 
Thus, if K,, 4, and K,, p, are the electrostatic and magnetic 
constants for two media, and if v, and v, are the velocities of 
propagation of an electromagnetic wave in the media, then 


I I 
M1 PUT wl eat 
Or 9/71 =N Kypy/V Kopp. 
If the media are non-magnetic, then p;= pf ; also, if v, is the 
velocity of propagation in air, then K,=1. Hence 


v,/7,=VKy, 
and if v, and v, also represent the velocity of /ég/¢ in air and in 
another medium, the ratio v,/v2 is termed the refractive index 
(m) of the latter medium. 

The following table indicates that several substances give 
results which are in accord with this deduction ; yet these are 
less numerous than the substances which, at first sight, appear 
to be exceptions to the deduction. It must be borne in mind 
that the value of K has usually been determined by a method 
involving the application of a s¢eady electric force, whereas the 
refractive index is measured by means of visible radiations 
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which, according to theory, consist of a rapidly alternating 
electric force of frequency varying from (4x 10") to (10x ro!4) 
per second. It may be assumed, therefore, that if K could be 
determined when the applied electric force is rapidly alternating, 
and if the refractive index could be measured for extremely long 
wave-lengths, the apparent exceptions to the principle would 
disappear. The refractive index 7, for waves of infinite length 
may be calculated approximately by means of Cauchy’s formula 
from the value of 7 obtained with visible parts of the spectrum, 
but we have no evidence that the formula can be extended over 
such a wide range of wave-lengths. The values of K given in 
the table are obtained by means of an alternating electric force 
having a frequency of 120. 


TABLE I 
Substance. K. n,. 
Paraffin, - . . - 2.29 2.022 
Petroleum oil, - - - 2.07 2.075 
Turpentine, - - - 2.23 2.13 


In Table II the value of z is that observed for the sodium, 
or D, line of the spectrum. 


TABLE II 
K. n2, 
Carbon bisulphide,_ - - 2.67 2.68 
Benzine, - = - - 2.38 2.26 
Glass (dense), - - . 10.1 2.92 
Water, - - - - 80.0 1.78* 
Quartz, - - - - 4-55 2.41 
Ethyl alcohol, - - - 25.80 1.83 


Sir Ambrose Fleming has used a method of measuring the dielectric 
constant in which the cundenser is charged and discharged many times 
per second. One prong of an electrically driven tuning fork closes and 
opens a battery circuit, which includes an electromagnet and vibrator. 
In one position of the vibrator the condenser is charged by means of a 
battery ; in the other position the condenser is discharged through a 
high résistance galvanometer, which has been calibrated previously. 
If the rate of vibration of the tuning fork is known, the charge on the 


* Fleming and Dewar have found the refractive index of water for electric waves ot 
considerable length to be 8.9. The square of this number closely approximates to 80. 


H.M. $2 
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condenser can be calculated from the observed deflection of the galvano- 
meter ; and the capacity can be calculated from the charge and from 
the known E.M.F. of the charging battery. 

With reference to the numerous cases in which Maxwell’s law is not 
obeyed, it is important to bear in mind that the value of the dielectric 
constant is influenced largely by temperature as well as by the time of 
application of the electric force. Thus Fleming and Dewar? have 
found the value of K for liquid oxygen to be 1.491, and its magnetic 
permeability is 1.0041 ; and the product of these approximates to the ~ 
value, 1.48, or the square of its refractive index for waves of infinite 
length. In these experiments the condenser consisted of two co-axial 
cones, one fitting within the other, and the capacity could be varied by 
raising or lowering the inner cone. The same observers have found 
that the value of K for ice at 0° is about 76, but that it falls to 2.4 at 


the temperature of liquid air. Similarly, the value for alcohol drops 
from 25 to 3.12. 


Rotation of the Plane of Polarisation by a Magnetic 
Field.—Faraday appears to have had, in 1845, an instinctive idea that 
there was a close relationship between electricity and light. He allowed 
a beam of polarised light to pass through holes in the pole-pieces of a 
powerful electromagnet, and so that the direction of the beam was 
parallel to the lines of force ; he placed a mass of dense lead glass 
between the poles, and adjusted an analyser so as to cut off all the light 
when the magnet was not excited, then, on exciting the magnet, the 
field appeared luminous, and a slight rotation of the analyser was 
necessary in order to restore the darkness of the field. The magnetic 
field, required for this observation, may also be obtained by surrounding 
the medium with a coil traversed by a strong current. 

The amount of rotation of the plane of polarisation depends upon the 
material and upon the intensity of the magnetic field ; and, since it 
depends upon the length of the material traversed, and since it is 
unaltered in direction when the direction of the field is reversed, the 
observed rotation is increased by successively reflecting the rays from 


the silvered ends of the transparent material. The rotation 6 may be 
expressed by the formula 


6=y7LH, 
where y, known as Verdet’s constant, depends upon the material 


and upon the wave-length of the light employed, and where L is the 
length of path and H is the intensity of the field. 


1 Proceedings Roy. Soc., vol. 60, 1896, vol. 60, 1897, vol. 61, 1897. 
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In the case of all diamagnetic substances the value of y is positive, 
z.e. in the same direction as the current which would produce the same 
magnetic field. Verdet’s constant may be defined as the rotation pro- 
duced by unit length of the given medium when placed in a magnetic 
field of unit intensity. The constant is expressed usually in minutes 
of arc. 


VERDET’S CONSTANT FOR D-LIGHT 


Glass (dense flint) T5nC: 0.065 
Water 20° C. 0.0131 
Carbon bisulphide 18% G; 0.0420 


The value diminishes with increase of temperature; thus, with most 
substances except water, the general formula 

yt =Yo (1 — 0.001047 — 0.00001 42?) 
may be used. 

This phenomenon may be used in order to measure the strength of a 
current in absolute units; for, if a length 7 of a material, of which 
Verdet’s constant is known, is placed with its length parallel to the axis 
of a coil consisting of #, turns per unit length and traversed by a 


current C, then d=7/ x 47n,C. 


Dr. Kerr, in 1877, observed that the plane of polarisation is rotated 
when polarised light is reflected from the polished pole of an electro- 
magnet, and that the direction of rotation is reversed when the polarity 
is reversed. 


SUMMARY 


The Energy-paths in a Simple Circuit.—The energy in a dielectric 
surrounding a simple circuit, traversed by a current, is partly electro- 
static and partly magnetic. So long as the current remains constant 
this energy is transferred at a constant rate to the conducting circuit, 
and the total energy in the dielectric is kept constant by a steady flow 
of energy from the source of current (¢.g. a voltaic cell). The paths 
along which the energy flows are perpendicular to the plane containing 
the lines of electric force and the lines of magnetic force. 

Displacement Currents.—The application of an electromotive force 
to a dielectric causes a momentary transfer of electricity in the direction 
of the force. This electric displacement is equivalent to an electric 
current, and it is termed a azsplacement current. 

Electric Elasticity may be defined as the ratio of an electric stress to 
the electric strain produced. For any given medium, of which the 
dielectric constant is K, the elasticity is equal to 47/K. 
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Maxwell’s Theory.—The velocity of propagation of a mechanical 
disturbance, through a medium of elasticity ¢ and density D, is equal 
to Ne/D. The electric density of a dielectric may be written 47, 
where pw is the permeability ; hence the velocity v of an electromagnetic 
disturbance through the dielectric may be written, 


v= an: / 4TL= $e 
K VKp 
This velocity has been proved experimentally to be equal to that of 
light in the same medium. Maxwell concluded that the same medium 
is concerned in the propagation of both optical and electromagnetic 
phenomena, and that both are identical in character. 

The fact that, with several dielectrics, the specific inductive capacity 
zs equal to the square of its refractive index is evidence in support of the 
identity of optical and electromagnetic phenomena. 

Verdet’s Constant is defined as the amount of rotation of the plane of 
polarisation, of a beam of light, produced by unit lengt of the given 
medium when placed in a magnetic field of unit intensity. 


CHAPTER XXIX 
ELECTRIC OSCILLATIONS. WIRELESS TELEGRAPHY 


Electric Oscillations.—The indefinite polarity acquired by a 
steel needle when magnetised by means of a Leyden jar dis- 
charge (p. 224), observed by Henry in 1842, was probably the 
first experimental evidence of the oscillatory nature of a spark 
discharge. Lord Kelvin, in 1853, predicted by means of 
mathematical analysis that a discharge might, under suitable 
conditions, be oscillatory ; and, in 1865, Maxwell formulated his 
theory of light, in which the radiations known as “gh? are 
attributed to electric oscillations in the ether. 

The principle of an electric oscillation may be explained by 
Fig. 357, in which a conductor shaped like y 
a dumb-bell has opposite charges imparted 
to opposite ends. If the connecting shaft C= =(4) 
is a good conductor the charges not only RG iy. 
fiow towards each other but they overshoot 
the mark and recharge the ends with charges of reversed sign. 
This surging to-and-fro-may be repeated several times before 

the charges finally come to rest. On 
the other hand, if the shaft is of badly 
conducting material, the charges slowly 
neutralise each other, and no surging 
takes place. Fig. 358 represents the 
discharge of a charged Leyden jar 

‘ when the tin-foil surfaces are con- 
ae > nected by a bad conductor (¢,g. wet 
na ca string). But if the surfaces are con- 


nected by a short thick wire, the discharge, although it may 


Current 
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appear to be instantaneous, usually consists of a number of 
electric oscillations (Fig. 359). If the 
circuit consists of a good conductor 
and a short air gap, the first portion 
of the discharge sets up a conducting 
Time path for the surgings that follow, the 
amplitude rapidly becoming less. Im- 
mediately before the discharge takes 
piace the energy is entirely electro- 
eee static; but during the discharge it 
7 is partly electromagnetic and partly 
electrostatic, and is gradually frittered away in the form of heat 
(except in certain cases, where a considerable portion of the 

energy may be thrown off as electric radiation). 

The Leyden jar discharge, and the conditions which determine 
its character, may be compared to the release of compressed air 
contained in one limb (B, Fig. 360) of a U-tube 
which is partly filled with mercury: if the tap is 
opened but slightly, the mercury column returns 
gradually to its position of rest ; but if the tap is 
opened fully the mercury only comes to rest after 
a series of oscillations. In the same manner, a 
pendulum (or a flexible steel strip clamped at one 
end) in its deflected position has energy which is 
potential only and which becomes kinetic only on 
passing its position of rest; if swinging in air, inertia 
carries it beyond this position, the kinetic energy gradually 
becoming potential, and, during a sequence of oscillations, the 
energy is dissipated as heat in the frictional resistance of the 
air ; but, if swinging in a viscous medium, the pendulum may 
return to its position of rest without describing any oscillations. 
In the case of the flexible spring the time of vibration depends 
upon two factors, (i) the elasticity of the spring, and (ii) the 
inertia of the spring. In the electric case, it can be proved 
that the zzductance and the reciprocal of the capacity of the 
circuit are comparable to the inertia and the elasticity respec- 
tively of the mechanical analogue. If the ohmic resistance is 
negligible, the period of oscillation (p. 24) is given by the equation 

T=20V Le; 


Current 


Fic. 360. 
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where L and C are the inductance and capacity of the circuit ; 
the period is therefore increased by making L and C as large as 
possible. The frequency (7) is given by the equation 


I I 
a  —— —————— 
2a LC 
If L* is measured in electromagnetic (z.M.) units, and C in electro- 
static (E.S.) units, then, since C Es. units= = E.M. units, 
9x10 
3x 10! 
2m/LC 


On the other hand, if C is measured in microfarads, then, since 
1 microfarad=10-) E.M. unit, 


I 5.033 x 108 
<5 Po ae eae ager aia 


where L is expressed in absolute units and C in microfarads. Fig. 361 (i) 
represents a Leyden jar and discharge circuit. The oscillations will be 
rendered more rapid if the capacity is reduced, as in Fig. 361 (ii), and 
still more so if altered to Fig. 361 (iii) which is practically of the same 


form as the dumb-bell oscillator (Fig. 357). 
eS (iii) 


Fic. he ee circuit of variable capacity. 


We may regard either end ot an oscillator as alternately the 
seat of static pressure and rarefaction ; and if the length of the 
oscillator is adjusted so that the time required for a static 
impulse to traverse the length of the oscillator is equal to half 
the natural period of oscillation, there is a close resemblance 


* Neumann has given the “eins formula for the inductance of a straight wire of 
length Zand radius x: L=2/ (108, 24 -1 =21( 2.3026 logio™ ~ r). The same formula 


is approximately correct in the case of a wire bent into the es of a circle, providing 
that Zis large compared with +; thus, suppose a wire, of radius o.25 cm, and length 
roo cms., bent into the form of a circle, then 

L=200 (2.3026 logyy 800 ~ 1) = 1736.8. 
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between the electric phenomena and the acoustic phenomena 
of a closed organ pipe which is emitting its fundamental note 
(Fig. 362). In the organ pipe, the closed 
end is a region of maximum variation 
of pressure and of minimum velocity of 
air particles, while at the open end these 
conditions are reversed. Similarly, the 
ends of the oscillator are regions of 
maximum variation of electric pressure 
and minimum variation of current; the 
perpendicular distance of the dotted line 
aoé from the oscillator may represent 
the variation of pressure at individual 
points. The point 0, corresponding to 
Fic. 362.—Analogy of an the open end of the organ pipe, is a 
ae to a closed organ yepion of maximum variation of current 
and of minimum variation of pressure. 
The analogy may be carried still further: for, just as the 
length of the sound waves from the organ pipe is equal to four 
times the length of the pipe, so also are the electromagnetic 
waves generated (under certain conditions, p. 551) by the 
oscillator equal to twice the total length of the oscillator. 


H To — 
| Wimshurst 
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Inductance Coil Spark Gap Contact Key 
Fic. 363.—Method of photographing an oscillatory discharge. 


Photography of an Oscillatory Discharge.—Fig. 363 re- 
presents an arrangement! suitable for obtaining direct evidence 


) For Figs. 363 and 364 the author is indebted to Mr. C, J. Watson (Acocks Green 
Birmingham), : 
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of the oscillatory character of a spark discharge. An air 
condenser is charged by means of a Wimshurst machine, and is 
discharged through an inductance coil across a spark-gap S by 
means of a contact key ; an image of the spark is thrown upon 
a photographic film which is fixed to the axle of an electric 
motor rotating at high speed. If the discharge were continuous 


Fic. 364.—An Oscillatory Discharge. 


an unbroken band of light would be obtained, but Fig. 364 
proves that the spark consists of a rapid sequence of separate 
discharges. 


The Period of Oscillation of a Leyden Jar Discharge.—If, at any 
instant, the charge in a condenser is g, and if the current in the 
discharge circuit is 7, then 


‘ I 
the electrostatic energy =3& and 


Lz2, (see p. 433) 


», electromagnetic ,, = 


where C is the capacity of the condenser, and L is the inductance of 
the circuit. Hence, the total energy E may be written 


y gee 
at C\ dt at de 
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If the resistance of the circuit is practically zero, there is no loss of 

energy, and the rate of loss of energy is zero. In this case 

a4 = Te RE RL aS: (2) 


The method of solving this equation, in order to find the manner in 
which g changes with time, is suggested by the fact that the second 
differential of g is equal to the original quantity multiplied by a 


constant. For, if g=Qsinw/, where Q is the initial charge in the 
condenser, then da 
q 


=0, 


or 


ne Qw cosw?, and 
os = — Qo’ sin wt 
ee PO eee ME a PE occ nin osade (3) 


Equations (2) and (3) are identical if w=1 IN LC. Since g=Q sin et, 
the value of g varies harmonically between the limits +Q and — Q, and 
the period of one complete cycle of changes is 27/w. Hence the 
condenser discharges by a series of oscillations, and the periodic time T 
is given by the equation 

T=20VLC. 

But, ¢f the resistance of the circuit is not negligible, we must take into 
account the energy dissipated as heat in the conductor: the rate of this 
dissipation is equal to Rz?, where R is the resistance of the conductor. 
In this case, the rate of loss of energy in the electrostatic field must be 
equal to the sum of the rates at which electromagnetic energy is being 


taken up by the medium and at which energy is being dissipated as 
heat. Hence 


dg dq I ; : 
@ tL’ wt pe: =o which may be written 


ge t Ag, t+ Br=o. Sain (Gin luisie's ejeielelatute sin Slaigie deloleiaisivie’eleieaiverne is (4) 


between g and ¢ is expressed by the equation g=a. et, where a and x 


are suitable constants; then dg/dt=ax.e*, and a%/d/?=ax?. e*, 
Hence, equation (4) becomes 


ax’, e+ A.ax.et+B.a,et=o, or 
a.e* (x24 Ax+B)=0, 
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Hence g=a. e* satisfies the equation when 
etter TRY = Osteo ck be chef enuticcrense ake (5) 


or when x= = (es 
2 4 


The roots of equation (5) are real when A?> 4B, z.e. when 
R?/L?>4/LC, or when R>WN4L/C. 
If these roots are denoted by x, and .x,, then 
gaa. et+h, ct, 
This indicates that when R>w~4L/C the charge disappears 


gradually and the discharge is unidirectional. 
If, on the other hand, 4B> A2%, the roots of equation (4) are unreal, 


but they may be written 
2 
t= ene Aho aa 
2 4 


or x=a+ fz 


— 
where B= \/B- <- ss Paee 
JRE ghar PNt 1 Bi elas OM 
=eat(a. eBit+d. e-Bfit), 

But, since the exponential values of sin @ and cos @ are (e9 —¢-%8)/2z 
» and (e+ ¢-70)/2 respectively, the above equation may be written 

g =e (KR. COS BL+ V SIN BZ), ....-2-ceseerveceesvenee (6) 
where X and Y are constants. 

Equation (6) indicates that 7 varies harmonically, and 


Hence 


I 

the pertodic time (T)=F 2" / NT} LC 7 aL’ and 
I Tp ye 
the frequency CO inate LC” 7? 

In nearly all practical cases R is so small that the ratio R?/4L? may 


be neglected, and then T=27 rep eos 
ExampLe. A Leyden jar, of diameter 10 cms. and in which the 
height of the tin-foil coatings is 12.5 cms. and the thickness of the 
glass (s.1.c. =6) is 0.2 cm., is charged and then discharged through a 
copper wire of diameter 0.5 cm. and length 100 ems. bent into the 
form of a circle. Determine the frequency of the oscillatory discharge. 
The area of the coated surface of the jar= 1507 sq. cms. 
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; sar — 1507 X 6 _ 45° electrostatic units 
The capacity of the Ove San A ? 


= =! microfarad. 

4xX9x10° 800 
The inductance (L) of the copper wire=1140 cms. approximately. 
Hence, if the resistance of the wire ts disregarded, then by equation I 


(p. 543), 7=5-033X ro8/ 4/1 140 x spat! so% 
But, if the resistance is taken into consideration, then 
R=0.00083 ohm=8.3 x 10° C.G.S. units, and 
by equation 7 (p. 547), #=4.17 x 10°. 


The Skin Effect.—We have assumed here that the resistance of the 
wire is the same for a rapidly alternating current as for a steady current; 
but it can be proved that the resistance to an alternating current is 
greater than that to a steady current, and that it varies as the square 
root of the frequency of alternation. This is due to the fact that a 
rapidly alternating current does not penetrate far into the interior of 
the conductor, but is restricted to a thin layer on the outside. In the 
case of a copper wire traversed by oscillatory currents of frequency 
approaching 10°, this so-called sk effect only extends to a depth of 
about 0.01 mm., and the efféctzve resistance of the conductor is equal to 
that of the thin layer which is concerned in the transfer of electricity. 
Nor, in the case of oscillatory discharges, is the inductance constant : 


Lord Rayleigh has shown that it decreases as the frequency of the 
discharge increases. 


Impulsive Discharges.—If a P.D. is set up slowly between 
the ends of a conductor, the strength of the resultant current 
is determined chiefly by the magnitudes of the P.D. and of the 
conductor’s resistance; but if the P.D. zs set up with great 
suddenness, the inductance is more important than the resistance 
in determining the current strength. The inductance. intro- 
duces a quality which may be termed an inertia effect, and a 
current cannot be set up instantaneously in a circuit possessing 
inductance—in just the same way that a velocity cannot be 
imparted instantaneously to a mass. 

The subject of impulsive discharges has been fully investi- 
gated by Sir Oliver Lodge, and the following experiments are 
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due to him. The inner coatings of two Leyden jars (Fig. 365) 
are connected to the terminals of a Wimshurst machine; the 
jars stand ona badly conducting material 
(e.g. wood), and their outer coatings are 
connected to discharging knobs B, which 
are short-circuited by a wire C. On 
turning the machine, the inner coatings 
acquire opposite charges, and the outer 
coatings also acquire induced charges 
of opposite sign, but the potentials of 
the outer coatings remain practically 
zero. When a spark passes at A, the : 

Fic. 365.—E-xperiment of the 
charges on the outer coatings are Di ie RODE: 
immediately liberated, and, instead of 
the resultant flow taking place along C, nearly the whole of 
it passes as a spark at B: this is due to the fact that self- 
induction makes C practically a non-conductor when the 
imposed E.M.F. is so sudden. This is termed the experiment 
of the alternative path. It is interesting to note that the 
A-spark has strong physiological action, while the B-spark 
is scarcely felt. If the outer coatings are connected only 
by a spiral of thick wire, the momentary current through the 
spiral when the A-spark passes is great: the total quantity 
of electricity is small, but the period may be as short as 
10-® sec., and the current may amount therefore to several 
thousand amperes. The 
P.D. between two differ- 
ent points of the spiral 
may be seen by touching 
the points with the ends 
of a short bent wire. 

If a long copper wire 
is attached as an exten- 
sion to either the A or B 
circuit (as in Fig. 366), 
then the passage of a spark at A sets up electric Audses in 
the extension; and if the wire is bent round so as to form 


Fic. 366.—Experiment of the Suxging Circutt. 


a nearly closed loop, the pulses may give rise to sparks 


at the gap C (or C’). In explanation of this we may assume 
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that the passage of the spark involves an zmpulstve rush 
of electricity; as soon as the spark ceases, the electricity 
rebounds, followed by increased pressure at the free end of the 
extension. This experiment is described as the surging circuit. 
If the extension is straightened out to a long wire (or, for 
convenience, it may be coiled), and if its length is adjusted so 
that it corresponds to a quarter- (or half-) wave length for the 
oscillations of the discharge circuit, violent oscillations are set 
up in the wire, on the principle of sympathetic resonance.' 
The fixed end of the wire becomes a seat of maximum changes 
of current and of minimum changes of potential, while the free 
end is a region of minimum current and maximum changes of 
potential ; and, when the A-spark occurs, the electric pulses are 
so violent that a brush discharge is formed at the free end. If 
the extension is made considerably longer, a glow discharge is 
visible at definite parts only, and these represent the antinodes 
of a stationary electric oscillation (p..555). This is known as 
the phenomenon of the recozl kick. 

Electric Waves generated by an Oscillatory Circuit.— 
When the electric oscillations in a conducting circuit are ex- 
tremely rapid, the phenomena are not restricted to the circutt, 
but the surrounding medium is traversed by a system of electro- 
magnetic waves which travel outwards with the velocity of 
light, and the frequency of the waves ts equal to that of the 
oscillations within the circuit* The conditions which deter- 
mine the generation of these waves are analogous to those 
obtained in the vibration of a steel strip clamped at one end: 
if immersed in a viscous medium, its oscillations are slow, and 
the energy of the spring is dissipated as heat in the space 
traversed by the spring—the movement only creates vortices in 
the liquid near to the spring ; but, if the oscillations are suffi- 
ciently rapid, the inertia of the medium modifies its behaviour, 
and the movement gives rise to waves of alternate compression 
and rarefaction, which are propagated outwards as sound waves. 

We may regard the changes taking place in the medium near 


1 This is analogous to the air vibrations set up in a closed organ pipe when the 
period of vibration of a reed at the open end is equal to the period required for an air- 
wave io traverse the pipe four times. 


2Prof. G. F. Fitzgerald first suggested, in 1883, that the discharge of a Leyden jar 
should give rise to electromagnetic waves in the surrounding medium. 


PROPAGATION OF ELECTRIC WAVES 551 


to an oscillating circuit in the following manner : suppose that 
the oscillator (Fig. 367) is just beginning to discharge, and 
that the rate of discharge ts not very sudden ; 
the electric tubes of force contract and, owing 
to their motion (p. 529), give rise to circular 
lines # of magnetic force. Since the dis- 
charge is oscillatory, the tubes of electric force 
will re-appear with their direction reversed ; 
and the direction of the magnetic field will 
remain the same until the electric field has 
acquired its maximum development in this 
reversed direction. The reverse field will 
now collapse and give rise to a magnetic 
field similar to that shown in Fig. 367, but 
with its direction reversed. Moreover, the 
magnetic field will have maximum intensity 
when the electric field has zero intensity, and 
vice versa. In this case the energy of the discharge is dissipated 
entirely within the circuit and none is radiated to a distance. 
Electric tubes of force are comparable to vortex rings, which 
are known to possess properties of inertia and of elasticity: 
tubes of force, in themselves, 
represent potential energy, 
and they may also possess, 
in virtue of velocity, more or 
less kinetic energy. Hence, 
if the oscillations are suffi- 
ciently rapid, so as to bring 
into effect the inertia quality 
of the tubes of force, the 
simple phenomenon des- 


 ->--" 


a ae 


’ 
aa 
¢ Q 
- 
=. 
? 
- 
. 
a Pe ae 


ee 
, 
yr é 
‘ 
a) 
meee -~* 
R 
oe 
Scagm== 
@ 
. 
3 
¢ 
. s 
“. 


i ii iii : : ; 

f) : ) (ii) . cribed in the previous para- 

Fic. 368.—Generation of Loops of Electric ike 
Sacin graph may be modified. 


The tubes may not contract 
inwards as rapidly as the opposite charges on the oscillator 
approach, and the tubes will assume a pear shape; at a later 
instant the ends of the tubes have overlapped, and the main length 
_ of the tube is separated and thrown off as an independent loop of 
electric strain, resembling a vortex ring in character (Fig. 368). 
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Thus a series of such loops will be distributed uniformly round 
the oscillator ; the next alternation will give rise to a similar set 
of independent loops, which push 
outwards the loops previously de- 
veloped, and the direction of the 
electric strain in successive loops 
is in opposite directions. These 
loops travel outwards with the 
velocity of light and give rise to 
magnetic forces which are in 
opposite directions through con- 
secutive loops. Fig. 369 repre- 
sents the distribution of electric 
and magnetic force when two independent loops have been 
generated. The two sets of strain, electric and magnetic. 
constitute an electromagnetic wave; the energy of the wave 
is partly electric and partly magnetic, and is transmitted in a 
direction perpendicular to the plane containing the directions 
of the- electric and magnetic forces. 


Thus, if the oscillator is fixed at the centre of the earth with its axis 
in the polar axis of the earth, we may imagine that the meridians of 
longitude represent the direction of the electric force, and that the 
parallels of latitude represent that of the magnetic force. The direction 
of propagation would be normal to the earth’s surface; and, at any 
point on the surface, the electric and magnetic effects would be reversed 
twice during each complete oscillation. It may be added that the 


radiated energy would be a maximum round the equator and zero at 
the poles. 


The application of the principle of resonance is one of the 
simplest methods of detecting electromagnetic waves. 

Electric Resonance.—In acoustics, the phenomenon of 
resonance is observed when a stretched string is set in vibration 
by air-waves proceeding from another source of sound, pro- 
viding that the period of vibration of the string is the same as 
that of the air-waves striking it. Similarly, an electric con- 
ductor may be adjusted, or ¢umed, to respond to vibrations set 
up by the discharge of a neighbouring Leyden jar. Sir O. 
Lodge demonstrated the phenomenon by means of two Leyden 
jars (A and B, Fig. 370); A is provided with a spark-gap C, 


. 
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and is connected to a Wimshurst machine, and the two coats 
of the jar B are connected by a wire circuit the self-induction 
of which can be ad- 
justed by the sliding- 
contact w. A strip of 
tinfoil ¢ is connected 
to the inner coating 
of B and terminates 
within a millimetre 
of the outer coating. 
When a spark passes 
at C, the waves origin- 
ating from the circuit of A will set up oscillations in the circuit 
of B, providing that the latter is adjusted so as to be zm 
vune with A, and the oscillations will cause a spark to pass 
between 7 and the outer coating of B. 

Hertz’s Experiments.—The investigations of Hertz, in 1888, 
constitute the most remarkable experimental confirmation of 
Maxwell’s theory: he proved that electromagnetic waves travel 
with the same speed, and exhibit the same properties of re- 
flection, refraction, and polarisation as those of light. 


Fic. 370.—Demonstration of Electric Resonance. 


(iii) 


Fic. 371.—Hertz’s Oscillator and Resonator. 


Fig. 371 represents the method adopted by Hertz to obtain 
and to detect the electromagnetic waves: the secondary ter- 
minals of an induction coil A are connected to the radiator 
(or oscillator), which consists of a pair of metal rods terminating 
in highly polished brass knobs B and zinc plates C (40 cms. 
square). The zinc plates constitute the two conducting surfaces 
of a condenser of small capacity, and the capacity can be 
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adjusted by varying the distance apart of the plates. The 
waves were detected by means of a vesonator D consisting of a 
wire bent into the form of a circle (radius, 35 cms.): and 
terminating in two small knobs, the distance apart of which 
could be adjusted. The capacity of the oscillator was modified 
until it was z# ¢ne with the resonator. The length and in- 
tensity of the resonator spark depend upon its position: thus, 
in position (i) (Fig. 371) the axis of the spark gap, z.e. the line 
joining the centres of the spheres, is parallel to the axis of the 
oscillator, the waves of electric displacement set up an alter- 
nating potential-difference between the terminals of the re- 
sonator, and if this is sufficiently great a spark discharge occurs. 
In position (ii) no spark is obtained, since the axis of the spark 
gap is not in a direction to be affected by the waves. In 
position (iii) sparks are obtained if the gap is either at the top 
or at the bottom of the resonator. 

The crucial experiment, to determine whether the effects are 
transmitted with finite velocity, was based upon the well-known 
principle in acoustics that if waves of sound are reflected from 
a plane surface, the reflected waves interfere with the direct 
waves and give rise to stationary waves, in which the vibrating 
anti-nodes are separated by equidistant fixed nodes. Non- 
conducting material is quite transparent to electromagnetic 
waves, but a metal sheet is opaque and serves as a perfect 
reflector. In Hertz’s experiment, one wall of a long room was 
covered with sheet zinc, and the oscillator was placed near to 
the opposite wall; no sparks were observed in the resonator 
(supported in position iii) when held near to the conducting 
surface ; but maximum sparking was observed when held at a 
distance of 1.8 metre, and the sparking disappeared at a dis- 
tance of 4 metres: in this manner a series of nodes and anti- 
nodes was observed. Assuming the velocity of propagation 
to be the same as that of light, the wave-length of 9.3 metres 
(observed in one experiment) showed that the period of oscil- 
lation was 1.55 x 10-8 sec., which was in close agreement with 
the period (1.4x 10° sec.) calculated from the dimensions of 
the oscillator. 

In order to prove that electromagnetic waves obey the ordi- 
nary laws of reflection, Hertz constructed a mirror from a large 
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sheet of zinc, bent so that its cross-section was parabolic. The 
oscillator was mounted with the axis of its spark gap coinciding 

‘with the focal line of this mirror. The resonator was fixed in 
the focal line of a similar mirror. The mirrors were placed 
side by side and so that their axes converged at a distance of 
3 metres: sparks were only observed in the resonator when a 
sheet of zinc was held at the converging point and with its 
normal bisecting the angle between the axes of the mirrors. 
The phenomenon of refraction was observed by passing the 
waves through a large prism of pitch. 

An important difference between Hertzian waves and light 
waves is obtained in the fact that the former are always plane 
polarised, the vibrations being parallel to the spark gap of the 
oscillator, whereas in ordinary light the vibrations are not 
restricted to one such plane. The effect of tourmaline, which 
absorbs those vibrations of ordinary light which take place in 
a certain plane, may be imitated in the case of Hertzian waves 
by means of a grid consisting of a number of thin wires 
stretched close together and parallel to each other; if the 
mirrors are placed face to face and the grid held so that its 
wires are parallel to the focal lines of the mirrors, the waves 
are reflected by the grid and no sparks are observed in the 
resonator; but sparks are observed when the grid is rotated 
in its own plane through go’. 

The wave-length of Hertzian waves varies from 1.3 cms, to 
1390 cms., while the wave-length of the visible spectrum varies 
from 3 Xx 10° cms. to 7.5 X 10° cms. 

Stationary Vibrations in Wires.—Lecher’s modification of Hertz’s 
method of setting up vibra- 
tions in wires is represented 
in Fig. 372. Two metal 
plates, A and B, are fixed 
opposite and parallel to the 
plates of the oscillator, and 
long wires attached to A 
and B are stretched out- 
wards in parallel directions. _ Fic. 372. 
The rapid alternations of 
potential in the plates of the oscillator set up equally rapid alternations of 
potential in the plates A and B, and this gives rise to electric oscillations 
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in the wires. The reflection of the oscillations from the ends of the 
wires gives rise to stationary oscillations—the nodes and anti-nodes of 
potential coinciding respectively with the anti-nodes and nodes of current. 
If the distant ends of the wires are not joined together, the ends must 
be anti-nodes of potential. Hertz determined the distribution of the 
potential oscillations by means of his resonator, held with its spark gap 
parallel to the wires, and with its plane perpendicular to the axis of the 
oscillator spark gap. Lecher bridged the space between the wires by 
means of an electrodeless vacuum tube, which can be slid along the wires: 
the potential anti-nodes are detected by the luminosity set up in the tube. 
It has been proved that the wave-length of the oscillations in the wires 
is the same as that observed in air when the wires are absent; hence the 
velocity of propagation along the wires is the same as that through air. 

Blondlot’s Experiment.—The following method has been devised by 
M. Blondlot to determine the velocity of propagation of an electro- 
magnetic wave along a wire: the inner 
coatings of two small Leyden jars, A and 
B (Fig. 373) are connected to the secondary 
terminals of a Ruhmkorff coil. The outer 
coating of each jar consists of two separate 
rings ; the upper rings, a, and 4,, are joined 
to a short spark gap s; the lower rings, @, 
and 4, are connected by means of wires 7 
and w,, over I kilometre long, to opposite 
sides of the spark gap; and the upper 
rings, also the lower rings, are joined by 
wet string (indicated by dotted lines). 
When the jars are charged the outer 
coatings will acquire opposite charges, 
the redistribution taking place along the strings. But when the 
jars discharge across the gap S, the induced charges on the rings are 
set free saddenly ; the discharge between the rings does not traverse 
the strings, owing to the suddenness of the applied potential differ- 
ence, but, in the case of the upper rings, it proceeds across the gap s, 
and, in the case of the lower rings, proceeds along the wires w,, wy 
to the gap s. Hence two distinct discharges, separated by the time 
interval required for the charge on the lower rings to traverse the wires 
2}, W, will cross the gap s, and this time interval can be determined by 
means of a rotating mirror. In this manner Blondlot proved that the 
velocity is 2.98 x 10" cms. per second approximately. 


aerial as a centre. 


consecutive loops is evidently opposite. 


with a velocity of 3 x 10! cms. per sec. 
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Wireless Telegraphy.—The first successful attempts to detect 
Hertzian waves at a distance from their source were made by 


Sir Oliver Lodge! in1894; and Lord Rutherford, at Cambridge 
in 1896, detected the waves at a distance of half a mile. 


The 
remarkable developments in the efficiency of wireless telegraphy 


during recent years has been due largely to Signor Marconi, a 
pupil of Prof. Righi, of Bologna. 


It is possible here to give 
only a brief description of the technical details of a modern 
equipment. 

The source of radiation consists of a long vertical conductor, 
termed the aerial, which is connected through an adjustable 


coil to the earth; in principle it resembles the wpter half of 
the double oscillator shown in Fig. 369 (p. 552). The radiation 
consists therefore of half loops of electrostatic strain and of 
circular magnetic lines of force; these are indicated by the 


broken lines and the continuous lines respectively in Fig. 374. 
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Fic. 374.—Radiation from an Aerial. 


The electrostatic loops are vertical, and if a single aerial is 
used they are uniformly distributed in all directions round the 


The direction of the electric force round 


The free ends of the 
loops terminate on the earth’s surface, and they travel outwards 


The higher conductivity 
of water, as compared with that of dry land, explains why long 


1 Brit. Assoc. Meeting, Oxford, 1894- 
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distance wireless telegraphy is more successful when the 
stations are separated by the sea only. Each loop of 
electric force has associated with it a system of magnetic 
lines of force ; and in consecutive loops the direction of the 
magnetic force is opposite. When these magnetic lines of 
force cut a vertical wire at any distant point, an oscillatory 
potential difference is set up corresponding in time-period 
to that which has previously occurred in the transmitting 
aerial. 

The aerial may consist of a single straight wire, of copper 
or bronze or aluminium, at least 150 ft. long, supported 
by means of an insulator from the top of a mast. The 
aerial may also have either of the forms shown in Fig. 375. 


Fic. 375.—(i) L-Type. (ii) T-Type. (iii) Umbrella-~Type. 


The L type has the special advantage of giving to the 
radiations a strongly marked direction effect, in the opposite 
direction to that in which the upper arm of the L is point- 
ing. Since the electromagnetic waves are gradually bent 
forwards as they advance through space, a receiving aerial 
of the same type should have. the upper arm bent away 
from the direction to which the waves are arriving. The 
T type is frequently used on ships, where the ends of the 
horizontal arms can be supported between two masts. 
The Umbrella type consists of several straight wires radiating 
downwards from the top of a mast, with the lower ends 
joined to a conducting ring. The upper ends are insulated 
from the mast, and connected to the sending or receiving 
apparatus ; similarly, the outer ring is firmly attached to 
the ground by insulating connections. 
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As the aerial has a definite electrostatic capacity and also 
self-induction, it will have a natural time-period of oscilla- 
tion, which is expressed by the equation T = 27VLC (see 
P- 546) ; also, the frequency (n) is expressed by the equation 
m=1/2rV/LC. In these equations L is expressed in henrvs 
and C in farads. Inductance is now usually measured in 
centimetres, where 1 henry =10° centimetres ; also capacity 
is usually expressed in microfarads. Hence 


I V10® 5-032 x 108 
N=e— —— = 
Lem. Cmfds. 2rVLC VLC 
ar x 
109 10° 


The wave-length used in practical work varies from 200 
metres to 15,000 metres. For short-distance wireless 
telegraphy the wave-length varies usually from 200 metres 
to about 600 metres. 

Simple Methods of Setting up Oscillations in an Aerial.— 
Fig. 376 shows, in its simplest form, two methods of con- 


Fic. 376.—(i) Auto-transformer Coupling; (ii) Electro-magnetic Coupling. 


necting an aerial to the oscillating circuit. In the auto- 
transformer coupling (Fig. 376 i) a single inductance coil 
is used; the upper part of the aerial, and one terminal 
of the oscillating circuit, are connected to the coil by 
sliding contacts, so as to obtain the necessary values for 
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the inductances L, and L,. The two circuits must be 
tuned to resonance, so that VL,C,=VL,C,. Fig. 376 (ii) 
represents the electro-magnetic coupling. The distance 
apart, and the relative positions, may be varied so as to 
give the required “‘ tightness’ to the coupling. The great 
advantage of the latter method is that it reduces the retrans- 
fer of energy from the aerial back to the oscillating circuit. 
This retransfer is also reduced by using types of spark-gap 
which rapidly become non-conducting, e.g. the ‘ Marconi 
Rotating Disc Discharger.’ 

In low-power stations an intermittent discharge is 
obtained by means of an induction coil, the secondary 
coil of which has a low resistance. As a source of higher 
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Fic. 377.—A Transmitter, with Alternator and Transformer. 


power an alternator is used, and connected to a step-up trans- 
former (Fig. 377). Choke-coils are inserted in the secondary 
circuit of the transformer, so as to prevent the high-frequency 
oscillations from flowing back into the transformer. The 
signalling key is inserted between the alternator and the 
transformer. So that the same aerial may be used both for 
sending and receiving messages, an ‘ earth-arrester’ is 
inserted in its circuit. This consists of two flat metal discs 


MARCONI DISC DISCHARGER 561 


separated by a very thin mica washer. The considerable 
oscillations of potential, when sending, readily spark across 
this narrow space between the discs; but the more feeble 
oscillations, when receiving, cannot do so, and are led to 
the receiving instruments by means of conductors attached 
above and below the earth-arrester. 


Nl flim 


Fic. 378.—A Stream of Oscillatory Sparks. 


When the key is depressed, a stream ot sparks passes 
across the spark-gap, and each spark consists of an oscil- 
latory discharge of definite time-period (Fig. 378). A 
message is sent by breaking up the train of waves into long 
and short periods, according to the Morse Code of telegraphy. 

The Marconi Disc Discharger.—The disc discharger (Fig. 
379) consists of an ebonite disc keyed on to the shaft of the 
alternator. The disc has a solid copper rim, with copper 


Choke Coil 


Choke Coil 
Fig. 379.—The Marconi Disc Discharger. 


studs projecting radially outwards from the rim. The 

number of studs corresponds to the number of poles in the 

field magnet of the alternator. Two fixed copper electrodes 

EE are supported, in line with any two studs, on insulators 
HLM. Tee 
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fixed to a framework capable of rotation round the centre 
of the disc. The angular position of the electrodes is 
adjusted so that a pair of studs rotates past the electrodes 
at the instant when the E.M.F. generated by the alternator 
is a maximum. 

The Poulsen Arc Generator.—In 1900, W. Duddell 
described a method of obtaining a musical note from 
an electric arc. He used solid carbon rods shunted by an 
oscillatory circuit of suitable inductance and capacity 
(Fig. 380). The phenomenon depends upon the fact that 
the ‘ characteristic curve’ of an electric arc is a falling 
one (see p. 348) ; that is (i) when the arc current increases, 
its resistance falls, and the required potential falls; also 


Fic. 380,—The Duddell Musical Arc. 


(ii) when the arc current diminishes, its resistance increases, 
and the required potential rises (Fig. 381). 

With the apparatus of Fig. 380, when the arc is formed, 
the condenser C begins to be charged through the in- 
ductance L; the current through the arc is temporarily 
reduced, and the potential difference between the rods 
increases. More charge then goes into the condenser. 
This continues until the condenser is charged to the normal 
potential of the supply. But, there is still the lagging current 
in the inductance L, which gives another slight charge to 
the condenser. Now, the overcharge in C surges back 
through the arc, the current increases, and the potential 
difference between the rods falls; this process continues, 
until the lagging current in L has caused an over-discharge, 
equal in amount to the previous overcharge. This sequence 
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is repeated, and an oscillatory condition maintained. The 
rhythmic changes in the strength of the arc current and, 
therefore, of the size of the arc flame, cause pulsations in the 
air immediately surrounding the arc. In this manner audible 
sound waves are set up. The arc must be short; otherwise 
its resistance is sufficient to prevent an oscillatory condition. 

The frequency of electric oscillations thus obtained is 
not great enough for purposes of wireless telegraphy. 
The limit to the frequency obtainable arises from the lag 
of the current behind any p.d. change, this lag being due 
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Fic. 381.—The Current-volts Curve of an Electric Arc. 


largely to the relative slowness with which the ionised 
air within the arc becomes scattered or re-adjusted. 

In 1903, Prof. V. Poulsen, of Copenhagen, devised 
modifications of the singing arc so that oscillations of radio- 
frequency could be obtained. As ionisation in the arc 
flame can be reduced by lowering the temperature of the 
electrodes, he substituted a water-cooled copper rod for 
the carbon anode. Also he surrounded the arc with an 
atmosphere of hydrogen or coal-gas, the ions of which 
have greater mobility than those of air; therefore, the 
rate of de-ionisation of the arc is greater. The use of hydro- 
gen also increases the steepness of the characteristic curve 
(Fig. 381), and it prevents the burning of the electrodes, 
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In the Duddell musical arc the variations of current in 
the arc may be represented diagrammatically by ripples 
on a steady current curve. In the Poulsen arc the ripples 
may be so great that the arc current itself is periodically 
extinguished, but relighted immediately afterwards by 
the oscillatory discharge from the condenser. This quench- 
ing of the arc is accelerated by fixing on opposite sides of 
the arc the poles of a strong electromagnet (Fig. 382), the 
coils of which are in series with the arc. 


Fic. 382.—The Poulsen Arc System. 


The high-frequency oscillations generated by any form 
of spark discharge consist of a sequence of separated 
groups of alternations, each group having a large initial 
amplitude which rapidly reduces down to zero: these are 
termed damped oscillations, and resemble those shown in 
Fig. 378: The Poulsen are was perhaps the first successful 
method of generating wndamped high-frequency oscillations 
(Fig. 383), in which the amplitude remains constant and the 
sequence of oscillations continuous. 
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In order to transmit signals by means of undamped 
oscillations, a key is used by which a small number of 
turns of the tuning coil of the aerial may be short circuited. 
While the key is depressed, the receiving apparatus is 
tuned exactly to that at the sending station; when the 
key is open, the sending aerial is slightly out-of-tune, 
and the oscillations set up in the receiving apparatus can 
scarcely be detected. Thus, messages may be transmitted 
by the well-known Morse Code. 


Fic. 383.—Undamped Oscillations. 


Spark Receiving Circuits. An ordinary telephone is 
not sensitive to high-frequency oscillations owing to its 
high inductance and to the inertia of its diaphragm. But 
when the oscillating circuit includes any appliance which 
allows current to pass im one direction only, a telephone 
may then be used: such an appliance may be termed a 
rectifying valve. A typical example consists of two crystals, 
of copper pyrites and of zincite, held in contact by means 
of an adjustable spring. Another, and more trustworthy, 
valve consists of a fine steel point in contact with a crystal 
of grey carborundum. The difference in resistance of the 
point of contact, according to the direction of the current, 
may be attributed to the local heating effect of the current, 
and perhaps to a Peltier effect set up at the contact. 

The efficiency of a carborundum valve is much increased 
if a small steady current is maintained through the valve. 
This may be explained by reference to the curve (Fig. 384), 
representing changes of current due to changes of E.M.F. 
While the E.M.F. is gradually increased up to nearly 1 volt, 
the increase of current is but very slight; but with a 
slightly increased voltage there is a sudden increase of 
current, represented by a sudden increase in the slope of 
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the curve. Suppose, therefore, that a steady voltage of 
about o°8 volt is applied to the valve, and that high- 
frequency oscillations are superimposed upon this; the +ve 
halves of the oscillations will cause a considerable increase 
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Fic. 384.—Curve of a Carborundum-Steel Valve. 


in the current, while the —ve halves will be practically 
inoperative. Hence the resultant current obtained may 
be represented by a series of pulses (Fig. 385). If a tele- 
phone is included in the circuit the series merges into a 
single slight pulse of current (represented by the dotted line 


Fia. 385. 


in Fig. 385), which will operate the diaphragm of the tele- 
phone. The steady voltage for the valve may be derived 
from a potentiometer wire connected to two or more 
accumulators. 

Fig. 386 represents a simple arrangement of receiving 
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aerial, loosely coupled to an oscillatory circuit with valve 
and telephone. The arrow drawn through a condenser is 
the accepted symbolic representation for a condenser of 
variable capacity. 

Each spark discharge at the transmitting station will 
cause a single pulse of current through the telephone of the 
receiving station. Hence the telephone will give an audible 
note, the pitch of which will correspond to the spark- 
frequency of the transmitting apparatus. 


“ 


Fic. 386.—Receiving Aerial, with Carborundum Valve and Telephone. 


The principle of the Marconi magnetic detector (Fig. 387) 
depends upon the fact that an oscillatory discharge in a 
spiral surrounding a piece of soft iron in a magnetic field 
tends to destroy the hysteresis effect in the iron. It consists 
of two ebonite grooved discs, driven at constant speed by 
clockwork, and connected by an endless band of stranded 
soft iron wires. This band passes through a short narrow 
glass tube on which are wound a few turns of wire con- 
nected in series with the condenser circuit of Fig. 386. 
An outer coil of wire, surrounding the first, is connected to 
a telephone. Two permanent horse-shoe magnets are fixed 
near to the glass tube, and the soft iron wire is magnetised 
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as it passes. With the poles placed as shown, the magnetisa- 
tion of the iron does not respond at once to the change in 
direction of the magnetic field, owing to hysteresis. But 
when an oscillatory discharge passes through the inner 
coil, the removal of hysteresis causes magnetic disturbance 
in the soft iron, and the induced currents thus set up in 
the telephone circuit give rise to audible sound. 


To 
Telephone 


Fic. 387.—Marconi Magnetic Detector. 


The Thermionic Tube.—In its earliest form, the ther- 
mionic tube was invented by Sir Ambrose Fleming in 1904, 
and this form was known as the Fleming valve. It consisted 
of an ordinary vacuum lamp with tungsten filament, 
which could be made incandescent by 4-8 volts; the 
filament was surrounded by a cylinder of thin sheet copper, 
called the plate, supported on a metal wire fused through 
the side of the lamp (Fig. 388). Its action is based upon the 
discharge of electrons which takes place from a solid 
surface heated to incandescence. When the filament is 
glowing the space around it becomes more or less fully 
occupied by moving electrons, which constitute a space 
charge, and their mutual repulsion tends to hinder the 
further discharge of electrons. But when the plate is 
charged to a positive potential, some or all of the electrons 
will be attracted to it—the rate of transfer depending upon 
the potential of the plate and upon the temperature of the 
filament. So long as the potential of the plate is main- 
tained there will be a steady flow of electrons, constituting 
a flow of negative electricity from the filament to the 
plate; this is termed a thermionic current, and it can be 
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measured by means of an external ammeter. When the 
potential of the plate falls below that of the negative ter- 
minal of the filament the thermionic current will cease. 

Dr. Fleming found that when one end of a coil, in which 
electric oscillations are set up, was joined to the filament 
of a valve (Fig. 388), and the other end of the coil joined 
through a galvanometer to the piate, a current passes through 
the galvanometer. This is due to the fact that one-half 
of each oscillation can pass from the filament to the plate, 
while the other half cannot pass in the opposite direction 
and is suppressed. Hence the circuit is traversed by an 
electric current consisting of unidirectional pulses of high 


Fic. 388.—A Fleming Valve. 


frequency. This at once suggested to Dr. Fleming that the 
tube would serve as a very efficient rectifier of high-frequency 
oscillations. 

The electrical properties of the valve are fundamentally 
important, and they may be investigated by the apparatus 
shown in Fig. 389. The filament is joined to a battery B,, 
with a rheostat in series. The battery B, gives an adjust- 
able potential to the plate, and the plate current i¢ 
measured by a milliammeter. As the plate potential i¢ 
raised, the flow of electrons will increase; but the plate 
may be given a potential sufficiently high to attract to 
itself al/ the electrons discharged from the filament. Then 
any further increase in the plate potential will not cause 

H.M. T2 
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any increase in the plate current ; this maximum current 
is termed the ‘ saturation current.’ Its magnitude depends 
upon the filament temperature: if the temperature is 
raised, electrons are expelled more rapidly, and the satura- 
tion current is raised; if the temperature is reduced, the 
saturation current is also reduced. In any case, however, 
the general character of the results is represented by the 
curve of Fig. 390. As the plate potential is raised, the 
current slowly increases up to the value V,A; but at 
this point the increase of current becomes much more 
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rapid and quite uniform, until the saturation current 
V,C is obtained. 

Suppose that a steady potential OV, is given to the plate, 
and that a high-frequency oscillating potential is super- 
imposed, one-half of each pulse will increase the plate 
current considerably above B, but the other half of each 
pulse will diminish the current to an equal extent below 
B; so the average plate current will remain unaltered, 
and no effect will be observed in a telephone included in 
the circuit. Owing to the slope of the curve at this point, 
the oscillations of the current will have greater amplitude 
than the oscillations of potential; hence, under such 
conditions, the valve will act as an amplifier, but there 
will be no rectification. Suppose, however, that the steady 
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potential of the plate is OV,, corresponding to the point A 
on the curve: one-half of each oscillation will cause a 
considerable increase of current, while the other half of 
each will cause but slight fall of current. Hence there will 
be a slight pulse of increased current which will operate a 
telephone included in the circuit; therefore, under these 
conditions, the valve will act as a rectifier. A similar 
result will be obtained when the steady potential of the 
plate is OV,; but since more current will be taken from 
the battery B,, the conditions are not so economical as 
when the plate potential corresponds to the lower bend 
in the curve. 

Fig. 391 represents the main details of a simple receiving 
circuit in which a Fleming valve is used. The desired 
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Fic. 391.—Receiving Circuit, with Fleming Valve. 


potential for the plate is obtained by means of a potentio- 
meter wire joined ‘to the poles of the filament battery. 
The purpose of the condenser Cz, inserted across the tele- 
phone terminals, is to absorb any high-frequency pulsations 
which might traverse that portion of the circuit. 
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The Three-Electrode Valve.—In the Fleming valve 
changes of the electron current may be obtained by changes 
in the potential of the plate. Later investigators applied 
the principle that if fluctuations of potential are made 
at any point along the path of the electrons, then corre- 
sponding changes in the electron current will result ; and 
this principle was applied by inserting a metal grid (of 
coarsely-meshed fine wire) between the filament and the 
plate. The first example of this type of valve was devised 
by an American, Dr. Lee de Forest, in 1907. In the earlier 


(i) 


Fic. 392.—A Three-Electrode Valve. 


patterns the vacuum was not excessively high—a slight 
trace of gas remained, and it was thought that this gas 
residue was necessary for the working of the valve; but 
in 1915 Dr. Langmuir produced his ‘ Pliotron’ valve, 
in which the vacuum was extremely high. He proved that 
all the phenomena of valve action could be readily obtained 
by it, and that the continued action was more trustworthy. 
These ‘hard’ valves are invariably used at the present 
time, One of the most efficient hard valves, known as the 
French valve (Fig. 392), consists of a short straight filament 
of tungsten, about 2 cm. long; the grid is of thin nickel 
wire wound in a helix, 0°5 cm. diameter and 1°5 cm. long, 
and supported so that the filament is along the axis of the 
helix. The plate is a narrow strip of sheet nickel. For 
clearness in diagrams, the 3-electrode valve is usually 
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represented as in Fig. 392 (ii), although in an actual valve 
the form and distribution of the parts are so different. 

Fig. 393 represents an arrangement of apparatus by which 
the properties of a thermionic valve may be investigated. 
The battery B, heats the filament, B, gives a constant 
high potential to the plate, B, in series with a potentio- 
meter wire is one of several methods of varying the poten- 
tial of the grid. A,and A, are milliammeters for observing 
the strength of current in the filament-plate circuit and in 
the filament-grid circuit respectively. Assuming that the 
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Fic. 393.—The Testing of a Three-Electrode Valve. 


temperature of the filament and the potential of the plate 
are such that the electron current is considerably below 
saturation, and that these are maintained constant, the 
effect of alteration in the potential of the grid may be 
represented by the curve in Fig. 394. The potential of the 
negative end of the filament is supposed to be zero, and the 
filament current is due to two accumulators. If a potential 
of —2 is given to the grid, and a sequence of high- 
frequency oscillations is superimposed, the increase of 
current due to the positive half of each oscillation will be 
greater than the diminution of current due to the negative 
half; hence the mean plate current during the sequence 
of oscillations will be increased. Therefore, if operating 
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at point A, the valve will act as a rectifier. When the grid 
potential is —1, the valve will operate at point B, where 
the curve is practically a straight line, and the mean current 
during a sequence of oscillations will remain unaltered. 
At point B, therefore, the valve will act as an amplifier, 
but not as a rectifier. When the grid potential is zero, 
the positive half of each oscillation will raise the grid 
potential slightly, so that it has a higher potential than 
one end of the filament. Some electrons will now pass 
to the grid, reducing its potential, and giving a slight 
grid-current, while the plate current will not exceed that 


Plate Current (in milliamps) 


Grid Potential 
Fic. 394.—Characteristic Curve of a Three-Electrode Valve, 


at point C. The negative half of each oscillation, however, 
will reduce the plate current; hence during the sequence 
of oscillations the mean plate current will be reduced and 
the valve will act as a rectifier. 

When a valve is operating at a suitable part of its char- 
acteristic curve, a very small potential change of the grid 
will produce a darge change in the current of the plate cir- 
cuit. If the grid were absent, a change of potential ten 
times as great would have to be applied to the plate in 
order to cause the same change of current. 

A most important advantage of the thermionic valve 
(whether two-electrode or three-electrode) is its freedom 
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from interference or damage by atmospheric electric dis- 
turbances known as “‘strays’ or ‘ atmospherics.’ This is 
due to the very limited saturation current which is character- 
istic of this type of valve. 

Another great advantage is that the audibility of received 
signals can be enormously increased by using several valves 
‘in series’ (or ‘in cascade’) (see p. 313), thus enabling 
signals to be heard at a much greater distance, or from 
sending stations of much less power. This feature may 
be so developed that a simple coil, such as is shown in 
Fig. 388, and known as a ‘loop aerial,’ may be used instead 
of the far more costly elevated aerial. When the plane of 
the loop-aerial coincides with that of the incoming waves 
the signals have maximum audibility ; but when the plane 
of the loop is perpendicular to that of the waves the signals 
cannot be heard. Hence a loop-aerial may be used as a 
* direction-finder’; also, two distant stations, each fitted 
with this type of aerial, and capable of mutual com- 
munication, can locate the position of the transmitting 
station. By this means a ship in a fog at sea can be 
given its position. 

Low-Frequency Amplification.—The simplest use to 
which a 3-electrode valve may be put is for the amplifica- 
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Fic, 395.—Two Three-Electrode Valves, for Amplifying Low-Frequency Oscillations, 


tion of low frequency (L.F.) oscillations, such as will operate 
a telephone. Fig. 395 represents how two such valves 
may be joined in cascade, so as to amplify very weak 
telephone pulses which arrive at the terminals AA. The 
same battery B, may be used for both filaments, and the 
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currents regulated by separate rheostats. Similarly, the 
same high-tension battery B, may be used for both of the 
plate-filament circuits. The celephone pulses arriving at 
AA pass through the primary coil of a telephone transformer 
T,, the secondary of which connects the grid of valve V, 
to the negative pole B,; thus the weak pulses of potential 
in the grid give increased current pulses in the plate circuit 
of V,. These current pulses pass through the primary 
of another telephone transformer T,, giving increased 
potential pulses to the grid of V., and still greater current 
pulses in the plate circuit. These pass through the primary 
of a third transformer T;, the secondary of which is joined 
to the receiving telephone. 

High-Frequency Amplification.—The apparatus of Fig. 
395 would not be effective for the amplification of high- 


Fic. 396.—Amplification of High-Frequency Oscillations. 


frequency oscillations such as are generated in an aerial, 
chiefly owing to the inductance in the coils of the iron- 
core transformers. If transformers are used at all they 
must have no iron cores. Fig. 396 represents one of several 
available methods of amplification and subsequent rectifica- 
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tion. By means of the batteries B, and B, with potentio- 
meter wire attached, the potential of the grid is adjusted 
so that the valve will amplify, but not rectify. The oscilla- 
tions in the aerial are transferred to the oscillating circuit 
L.C,; these cause oscillations of potential in the grid 
and amplified current oscillations in the plate circuit. 
These latter are transferred to the oscillating circuit L,C,, 
which is tuned to the circuit L,C,. Finally, the oscillations 
are rectified by a crystal valve, and transmitted through 
the telephone T. The degree of amplification may be 
increased by connecting together in cascade two or more 
valves, consecutive valves being joined through an air- 
core transformer, the method of connection resembling 
that shown in Fig. 395 for low-frequency amplification. 


Fic. 397—Amplification by means of a Reaction-Coil. 


In another method for amplifying high-frequency oscilla- 
tions (Fig. 397), the amplified plate current is passed through 
a reaction coil R, placed so that part of the oscillating energy 
in it is transferred back to the coil in the grid circuit, 
thus increasing the variations of grid voltage, and these 
again causing increase in the current oscillations in the 
plate circuit. On this principle, energy lost in the grid 
might be fully restored by the energy imparted from the 
reaction coil; hence the oscillations, when once set up, 
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would tend to continue indefinitely, the energy required being 
derived from the high-tension battery. But this condition 
would. destroy the purpose of the valve as an amplifier ; 
so the degree of coupling between the two coils must 
be reduced until the valve does not generate oscillations. 
The Three-Electrode Valve as a Generator of Oscillations. 
—It is explained in the previous paragraph that, by means 
of a reaction coil in the plate circuit of a valve it is possible 
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Fic. 398.—Simple transmitter for wireless telephony. 


to generate undamped high-frequency oscillations. This 
has been found, especially in wireless telephony, to be the 
most efficient mode of generating undamped oscillations. 
The principle of this can be understood more clearly by 
reference to Fig. 399. The windings of the two coils, 
included respectively in the plate circuit and the grid 
circuit, can be arranged so that a small increase in the 
plate current will cause a fall of potential in the grid, and 
therefore a diminution in the plate current; similarly, a 
diminution in the plate current will then give to the grid 
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a higher potential, and this will cause an increase in the plate 
current. Thus, the fluctuations or oscillations when once 
commenced will continue indefinitely, so long as the supply 
of energy from the battery is maintained. For high-power 
transmitting stations two or more valves of large size are 
joined in parallel. 

Wireless Telephony.—In order to transmit speech by 
wireless radiation it is necessary to have a source of un- 
damped high-frequency oscillations, and to modulate 
the amplitude of the waves by means of a carbon micro- 
phone in which the sound waves set up a variation in the 
resistance of the circuit containing the microphone. For 
long-distance telephony the three-electrode valve is more 
efficient than the Poulsen arc, as a generator of undamped 
oscillations. The microphone may be included either in 
the aerial circuit or in the grid circuit of the generating valve. 
In Fig. 398 the microphone is directly inserted in the aerial 
circuit. As the current-carrying power of a microphone 
is limited, it is necessary, in high-power stations, to apply the 
microphone speech currents to the grid circuit. Also, in 
such stations a very high E.m.F. must be applied to the plate 
circuit, and the high-tension battery is replaced by a high- 
voltage alternator, the E.m.F. of which is rectified by a 
Fleming valve. The key is used when the apparatus is 
required for signals only, but the key is closed when used 
for telephone messages. 

A more efficient method of imparting to the aerial the 
modulations of the microphone is to make use of a second 
valve—known as the control valve. The principle of the 
method is shown in Fig. 399. The grid of the contro] valve 
is connected through the secondary coil of a telephone- 
transformer to the filament of the valve, and the primary 
coil of the transformer is in series with a microphone trans- 
mitter and a battery. The plate of the control valve is 
joined in parallel with that of the generator valve through 
part of the aerial. A choking coil C of high inductance is 
inserted between the high-tension battery (n.t.) and the 
aerial. By inserting this choking coil, the oscillatory current 
in the aerial cannot pass to the battery, but traverses an 
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alternative path to earth through a condenser ; at the same 
time, a steady current can pass from the battery to the 
plates. When the microphone is in operation, low-fre- 
quency variations in the potential of the control valve grid 
are caused, and the magnified variation in the plate current 
is transmitted to the base of the aerial, thus causing a corre- 
sponding variation in the waves emitted from the aerial. 
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Fic. 399.—A transmitter for wireless telephony, using a “‘control-valve.” 


At the receiving station the feeble oscillations in the aerial 
are amplified by a valve, or by several valves joined in series. 
Finally, the oscillations are rectified and passed through a 
telephone receiver. 

Direction finding.—Several methods of finding the direc- 
tion of the source of wireless waves are now available: in 
one of these, the receiving aerial consists of a rectangular 
coil of wire, as shown in Fig, 388 (p. 569). The coil ‘has 
ten or more turns of insulated copper wire wound on a 


WIRELESS TELEPHONY 579B 
ee ee ee ee 
wooden frame, at least four feet square; it is supported 
with its plane vertical and capable of rotating round a 
vertical axis through its centre. When the plane of the coil 
coincides with the direction of the waves, the magnetic lines 
of force of the waves cut through the coil, and maximum 
sound will be heard; but if the coil is rotated through a 
right angle its plane will be parallel to the magnetic lines, 
none of these will pass through the coil, and minimum sound 


Fic, 400.—Direction-finding by wireless, as applied for 
determining the position of a ship. 

will be heard. In practice, the position for silence is more 
accurately obtained than that for maximum sound. By 
fitting to the coil a pointer, perpendicular to the plane of 
the coil and travelling over a horizontal divided scale, on 
which true North is marked, the ‘ bearing ’ of the source of 
the waves is determined. 

Suppose that two stations (A and B, Fig. 402) on a coast- 
line, and some distance apart, are equipped with direction 
finders of this type; and that the two stations are con- 
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nected by telephone. A ship S signals that she requires 
her position. Station A finds that her direction is either 
158° or 338°; and station B finds that the direction is either 
224° or 2024°. B communicates this to A, the two lines are 
drawn on a chart, and the ship’s position is where the two 
lines intersect. This is then communicated to the ship by 
wireless. 

In a more recent method, several points on a coast-line 
are equipped with wireless apparatus, each sending out a 
characteristic and pre-arranged signal. The direction finder 
is installed on the ship, and can be rotated round a vertical 
axis immediately above the centre of the ship’s compass. 
By observing the directions of two sources, the position of 
the ship is quickly found. The chief advantage of this 
method is that the time occupied in intercommunication 
between ship and land-stations is saved. 

The accuracy of directional wireless is not found to be 
uniformly good, and the apparent direction of a fixed 
station varies during a single day, especially at sunrise 
and sunset; but when the transmission is entirely over 
sea the errors are small and, as a rule, do not exceed 2°. 
It has been found that trees, telegraph-wires or buildings 
quite near to the receiving station cause appreciable errors ; 
and these errors are avoided when the site is chosen with 
care. On the other hand, variations due to geographical 
and meteorological conditions become very serious when 
the transmission is overland, and the range of this variation 
is greater in the evening than in the morning. Errors of 
5° are frequent, and occasionally the error is as great as 60°. 

Broadcasting.—The General Post Office have now estab- 
lished a complete network of underground cables connect- 
ing all the broadcasting stations throughout the country, 
and the modern long-distance cable plant is now adapted 
so as to give nearly perfect transmission of speech and of 
music. 

Over all routes the circuits specially selected for the pur- 
pose consist of one or more pairs of paper-insulated con- 
ductors, each pair surrounded by a metallic shield so as to 
screen it from interference due to telephonic transmissions 
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which may be proceeding along any of the hundreds of pairs 
which are included within the same lead-coated cable. 

The sounds emitted by the voice, or by musical instru- 
ments, are complex air waves, consisting of one fundamental 
wave and several waves of higher frequency added to it ; and 
clear transmission requires that all waves shall have the 
same velocity. In an ordinary cable, the corresponding 
fluctuating electric currents are not transmitted with the 
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Fic, 400A.—‘ Loading coils’ in a telephone circuit. 


same velocity—the waves of higher frequency are retarded 
more than the fundamental. Oliver Heaviside, in 1887, 
showed that the consequent distortion of the complex waves 
could be rectified by increasing the electromagnetic induction 
of the circuit ; and this was first given a practical form by 
Prof. M. Pupin, of New York, in 1899, who proposed to insert 
in the telephone circuit ‘loading coils’ consisting of soft iron 
rings each embraced by two silk-covered copper wires: these 
two wires are inserted in the ‘ lead ’ and ‘ return ’ conductors 
(Fig. 400A). In underground cables these Pupin coils are 
inserted in each circuit at about 2000 yards apart. 

Also, owing to the attenuation of the current in long dist- 
ance transmission it is necessary to establish ‘ repeater ’ 
stations, at points 40-50 miles apart, where, by means of 
triode valves and a local battery, the weakened current is 
augmented and transmitted onwards to the next repeater- 
station. 

Long distance transmission of wireless waves is made pos- 
sible by the influence of a stratum of ionised air in the upper 
atmosphere, at a height of about 60 miles; it is known as 
the ‘ionosphere’ or ‘ Kenneliy-Heaviside layer’ (Fig. 400B). 
This ionised layer may be attributed to the ultra-violet rays 
emitted by the sun. Any ionised gas is a conductor of 
electricity, and therefore partially reflects electromagnetic 
waves: its action may be compared to the partial reflection 
of light by a sheet of plain glass. Water and damp earth are 
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also conductors. Thus the’earth’s surface and the ‘ Heavi- 
side ’ layer may be compared to a conducting floor and ceil- 
ing, between which the waves are successively reflected, and 
thus transmitted round the curved surface of the earth. 
Waves transmitted directly along a path near to the earth’s 
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Fic. 4008.—Reflection of long electromagnetic waves by the Kennelly- 
Heaviside layer, 

surface soon lose their energy; and there is a space be- 
tween the limit of their range and the region where the 
first reflected waves arrive: there is thus a distinct area, 
known as the ‘skip distance,’ in which the waves cannot 
be detected. 

Short waves, such as are used in ‘ Beam’ transmission, 
pass more or less readily through the ‘ Heaviside’ layer; and 
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Fic. 400¢.—Reflection of short electromagnetic waves by the 
‘Appleton’ layer 


there is reason to assume that they are reflected by a second 
layer of ionised air, termed the ‘ Appleton’ layer (Fig. 400c), 
which is at a height of about 150 miles, 
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SUMMARY. 


The Discharge of a Charged Condenser.—If a charged condenser is 
discharged through a high resistance, the discharging current is in one 
direction only, and gradually diminishes in magnitude to zero. But if 
the discharge takes place through a /ow resistance, the discharge is 
oscillatory, the amplitudes of the oscillations rapidly diminishing 
to zero. 

If the resistance R of the discharging circuit is negligibly small as 
compared with the inductance L, the periodic time T of an oscillation 
is given by the equation 


T=27/LC, 
I 
or, 7 mL’ © cverrccnvercvcvevsensccesececde (1) 


where C is the capacity of the condenser and x is the frequency of 
oscillation. But, 2f the resistance ts not negligible, the periodic time is 


given by the equation ree TR? 
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If L is measured in absolute units and C in microfarads, then 

equation (1) becomes _ 5.033 x 108 
Sree Le 

The Skin Effect.—A rapidly alternating current does not penetrate far 
into the interior of the conductor, but is restricted to a thin layer on the 
outside. 

Impulsive Discharges.—The phenomenon of impulsive discharges 
may be classed under three headings: (i) the alternative path discharge, 
(ii) the szerging circudt, and (ili) the recozl kick. 

Electric Waves.—When the oscillations in a conducting circuit are 
extremely rapid, the surrounding medium is traversed by a system of 
electromagnetic waves which travel outwards with the velocity of light, 
and the frequency of the waves is equal to that of the oscillations within 
the circuit. 

Hertz’s Experiments.—Hertz, in 1888, proved that electromagnetic 
waves are propagated with finite velocity by detecting the presence of 
stationary waves formed by the interference between the incident waves 
and the waves reflected from a plane conducting surface. By measuring 
the wave-length, Hertz proved that the velocity of propagation is the 
same as that of light. He also proved that electromagnetic waves obey 
the ordinary laws of reflection and refraction. 
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Wireless Telegraphy is the technical application of the propagation 
and detection of electromagnetic waves. 


QUESTIONS ON CHAPTER XXIX 


1. Give some description of the production and detection of electro- 


magnetic waves. 
2. Discuss the production of electric oscillations in a circuit contain- 
ing capacity and self-induction, and find the effect of damping on the 


frequency. 


APPENDIX 


Solid Angles.—Imagine each point of the edge of a disc AB 
(Fig. 401) to be joined by straight lines to the point O. These lines 
will constitute a solid cone of which O is the apex. We say that the 
surface AB subtends a solid angle at O. In order to obtain a 
numerical measure of this solid angle, a sphere of I cm. radius is drawn 
round O as centre, and the area on the surface of this sphere which is 
enclosed within the cone is a numerical measure of the solid angle. 


Fic, 401. FIG. 402, 


Thus, the solid angle subtended at O (Fig. 401) by the surface AB 
is measured by the area ad which is intersected on the sphere of unit 
radius. If a sphere is described round O as centre and with radius 
equal to OB, the surface BC will be enclosed within the cone, and the 
surfaces AB and BC have the same solid angle. Since the area of the 
surfaces BC and aé are proportional to the square of the radii of their 
generating spheres, then, if w is the solid angle subtended at O by the 


surface AB, 
Area BC/(OB)?= Area ad=w, 
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When the areas are small we may regard BC as the orthogonal 
projection of AB; and if @ is the angle between the normals to the two 
surfaces, Area BC= Area AB x cos @. 
Hence, w= Area AB x cos 6/(OB)*. 


Uf the point O is situated on the normal drawn from the centre of any 
circular area, the solid angle subtended by the area may be proved to be 
equal to 2m(1—cos@), where @ is the angle subtended at O by the 
radius of the circular area. Thus, let ADB (Fig. 402) represent a 
sphere of unit radius, and DCD’ the solid angle subtended by a circular 
area to the left of C. Ifa small element ¢s of the surface at D revolves 
round E as centre and in a plane perpendicular to the paper, the area 
of the surface of revolution is equal to 

2mDE.ds=2r. oe : fa=en sin 6. dé. 

Hence, the total area on the sphere’s surface enclosed within the 

solid angle is 


e @ 
ar | sin @. a= — an| cos g | =2m(r —cos @). 
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MISCELLANEOUS QUESTIONS FROM 
EXAMINATION PAPERS 


Magnetism 


1. Explain what is meant by the magnetic axis of a magnet. 

How would you propose to determine the direction of the magnetic 
axis of a magnetised steel sphere ? 

2. Explain how to determine the intensity of a magnetic field by 
observing the time of oscillation of a needle. A magnetic needle under 
the influence of the earth alone makes Io oscillations per minute ; when 
placed at a point A it makes 25 oscillations per minute; find the 
intensity of the field at A in terms of the earth’s field. 

3. What is an isoclinal line? Give a general account of the arrange- 
ment of the isoclinal lines in a magnetic map of the earth’s surface. 

4. A thin uniform magnet, I metre long, is suspended from the north 
end so that it can turn freely about a horizontal axis which lies magnetic 
east and west. The magnet is found to be deflected from the perpen- 
dicular through an angle @, such that sin @=.1 and cos 6=.995. If the 
weight of the magnet is 10 grammes, the horizontal component of the 
earth’s field=.2 .G.S. units, and the vertical component .4 C.G.S. units, 
find the moment of the magnet. 

5. Two exactly equal magnets are fastened together at their mid 
points, so that their axes are at right angles, and the combination 
pivoted so that the axes of the magnets are horizontal, and they can 
turn freely about a vertical axis. How will the system set itself under 
the influence of the horizontal component of the earth’s field? If the 
moment of each magnet is M, and the moment of inertia of each about 
the axis round which it can turn is K, what will be the periad of 
oscillation of the system ? 

6. A magnet of moment 1000 C.G.S. is balanced on a central knife 
edge. How must it be weighted if it is to remain horizontal in a place 
where the earth’s horizontal field is .2 C.c.s. and the dip 45°? 

7. Two magnets are placed in an aluminium frame with their axes 
horizontal and parallel, one being vertically over the other. The frame 
is suspended, and oscillates in the earth’s horizontal field, making 20, 
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and 5, vibrations per minute, respectively, when the similar poles of the 
magnets are together or opposed. If the moment of the stronger 
magnet is 300, what is that of the other? 

8. Define the magnetic elements at any place in theearth’ssurface. The 
magnetic elements at a given spot are: declination 30° W., dip 60°, hori- 
zontal force .2 C.G.S. Calculate the components of the earth’s field in the 
directions true north, true west, and vertically downwards. 

9. Two bar-magnets, respectively 10 and 12 centimetres long, are placed 
at right angles to the magnetic meridian ; the first 10 centimetres north, 
and the other 12 centimetres south, of a compass needle. Compare the 
moments of the magnets if the needle is not deflected. 

10. Give a short account of how it is possible to neutralise the dis- 
turbing action of the magnetised iron and steel of a ship on a compass 
needle. 

11. Explain carefully how you would measure the effect of an increase 
of temperature on the magnetism of a bar-magnet. 

Describe shortly how the moment of a magnet would change as it was 
gradually heated from o° C. to about 400° C., and then cooled to o° 
again. 

12. Find approximately the force of attraction or repulsion between 
two short bar-magnets of moments 10 and 20 C.G.S. respectively, with 
their centres at a distance 20 centimetres apart, and their axes pointing 
in the same direction along the same straight line. 

13. Two short magnets, with their axes horizontal and perpendicular 
to the magnetic meridian, are placed with their centres 30 cms. east and 
40 cms. west respectively of a compass needle. Compare the moments 
of the magnets if the needle remains undeflected, and show how to . 
derive the formula employed in the calculation. 

14. Describe some method of comparing H and V, the horizontal 
and vertical components of the earth’s magnetic field. 

Show that the ratio H/V would be equal to (cot 6)/2, where 6 is the 
latitude, if the magnetic field were due to a magnet at the centre of the earth 
with its axis pointing north and south. 


Electrostatics 


I, Two Leyden jars, each having a capacity of 1000 centimetres, are 
charged in series to a difference of potential of 10 electrostatic units. 
Calculate the energy of discharge, and state in what units it is 
expressed. 

2. Discuss the changes of charge, potential, and energy that occur 
when a sheet of glass is inserted between the plates of a condenser, 
(1) when the plates of the condenser are connected to the poles of a 
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battery, and (2) when the condenser is charged and disconnected from 
the battery. 

3. The capacity of a spherical condenser is .0033 microfarad, the 
diameters of the inner and outer surfaces of the dielectric are 20 and 
20.5 cms. respectively. What is the specific inductive capacity of the 
dielectric ? 

4. An insulated sphere having a diameter of 20 cms. is charged. It 
is then connected to an electrometer by a fine wire, the deflection being 
50 divisions. An insulated and uncharged sphere of 16 cms. diameter is 
then joined to the first by a long wire, and the deflection falls to 32. 
Calculate the capacity of the electrometer. 

5. Two parallel conducting plates at a distance of two centimetres 
apart are connected with the terminals of a battery of 60 volts E.M.F. 
Express in electrostatic units the electric force in the air space between 
them, and find the mechanical force in dynes per square centimetre 
tending to draw the plates together. State how these forces are affected 
when the space between the plates is filled with a liquid of Specific 
Inductive Capacity =K. 

6. Find an expression for the energy of an insulated sphere due to its 
charge. What is the energy of a sphere of 20 cms. radius charged with 


2.6 units of positive electricity ? 


Voltaic Electricity 


1. A tangent galvanometer having a coil of one turn of 34 cms. radius 
gives a deflection of 45° with a current of 10 amperes. Calculate the 
strength of the earth’s magnetic field at the centre of the coil. 

2. On sending a current through a tangent galvancmeter, the needle 
of which is oscillating about a certain mean position, no deflection is 
produced, but the time of oscillation is reduced. What deductions can 
be made as to the situation of the galvanometer, and what additional 
facts would have to be supplied before the current could be calculated 
from the two times of oscillation ? ; 

3. What is the magnitude and direction of the force acting on a 
straight conductor, 10 cms. long, placed at right angles to a magnetic 
field of 50 lines per square centimetre, the current through the con- 
ductor being 5 amperes? In what units is your result expressed ? 

4. Two batteries of E.M.F. 10 volts and 8 volts and internal resistance 
3.5 ohms and 2 ohms respectively are connected in parallel, and their 
poles are joined with a wire of 14 ohms resistance. Find the current 


passing through each battery. 
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5. Describe a method of measuring the resistance of a battery. 

When two batteries, A and B, are joined in turn to a galvano- 
meter, it is found that A gives the greater current, but when another 
galvanometer is used B gives the greater current. Explain how this 
may occur. 

6. State Faraday’s laws of electrolysis, explaining the meaning of the 
term e/ectro-chemical equivalent of a substance. 

Calculate the amount of copper deposited by the passage ae I ampere 
for 1 second through a depositing tank, given the weight of hydrogen 
liberated in electrolysis is -gq5gq gramme per coulomb. Atomic 
weight of copper 63, valency 2. 

7. A U-shaped loop of fine wire hangs down between the poles of a 
horse-shoe magnet, and on sending a current through the loop its lower 
end is observed to move with respect to the upper. State more pre- 
cisely the nature of the motion, and explain by what forces it is brought 
about. 

8. A rectangular coil of length 20 cms. and breadth 10 cms. contains 
Too turns, and is placed with its plane parallel to the lines of force of a 
magnetic field. The coil can turn about an axis passing through the 
middle of the shorter sides, and the couple acting on the coil is found 
to be 4000 dyne-cms. when the coil is traversed by a current of 10 
amperes. What is the strength of the field ? 

gq. Assuming Ohm’s law, prove the relation used in determining a 
resistance by means of a Wheatstone’s bridge. Compare the amounts 
of heat developed per sec. in the four arms of a balanced Wheatstone’s 
bridge when the arms have resistances 100, 10, 300, and 30 ohms 
respectively. : 

10. Five cells, each having an electromotive force of 2 volts and an 
internal resistance of 0.04 ohm, are arranged in series, and drive a 
current between platinum electrodes through a vessel filled with dilute 
sulphuric acid. The resistance of the acid between the electrodes is 
4 ohms, and the electromotive force of polarisation may be taken as 
1.5 volts. Calculate the mass of water decomposed in one hour. The 
electro-chemical equivalent of hydrogen is about 10-5 grammes per 
ampere-second. 

11. The current in a circuit containing a storage cell and a resistance 
is 5 amperes. The difference of potential at the terminals of the cell is 
1.85 volts. When the circuit is broken the difference of potential rises 
to 1.95 volts. Find the resistance of the-cell. 

12. A copper disc having a diameter of 40 centimetres is rotated 
about a horizontal axis perpendicular to the disc-and parallel to the 
magnetic meridian. Two brushes make contact with the disc, one at 
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the centre and the other at the edge. If the value of the horizontal 
component of the earth’s field is .2 c.G.s. units, find the potential differ- 
ence in volts between the two brushes when the disc makes 3000 
revolutions per minute. 

13. How would you connect two equal constant cells of internal 
resistance 5 ohms each, if you wished to deposit copper as rapidly as 
possible in a voltameter of 7 ohms resistance ? 

14. State Faraday’s (or Neumann’s) law of electro-magnetic induc- 
tion. The North pole of a magnet is moved rapidly downwards towards 
a horizontal metal plate. In which direction will the induced currents 
flow ? 

15. You are provided with three resistance coils capable of carrying 
a large current, each having a resistance of 0.1 ohm, and with a volt- 
meter reading up to 5 volts. Explain how with these instruments you 
would measure a current of 120 amperes. 

16. An electric current of I ampere flows round a circular metal ring, 
the radius of which is 10 centimetres. Determine the strength and 
direction of the magnetic field at a point on the line drawn through the 
centre of the ring perpendicular to its plane, and 10 centimetres distant 
from the plane of the ring. 

17. Distinguish between the mean yalue and the root mean square 
value of an alternating current, and find the relation between them, 
Prove that the power absorbed by a coil traversed by an alternating 
current is EI cos ¢, where E and I are the root mean square values of 
the E.M.F. and the current respectively, and ¢ is the difference in phase 
between these two quantities. 

18. Describe experiments which show that cathode rays are small 
particles charged with negative electricity. How has the velocity of 
these rays been determined ? 

19. Give the leading features of the phenomenon of electrolysis, and 
give some account of methods which have been employed in deter- 
mining the velocity of ionic migration. 

20. Describe the nature of the magnetic forces in the neighbourhood 
of a long straight wire through which a current is passing. 

Calculate the force of attraction between two parallel wires of a metre 
length and two centimetres apart when a current of one ampere is sent 
through each wire. 

21. Describe the action of the moving coil galvanometer, 

If the coil moves in a uniform radial field so that the deflection due 
to a steady current is proportional to the current, show that when the 
galvanometer is used ballistically the quantity of electricity Q which 
produces a swing of amplitude @ is given by the equation Q=Tz/27, 

H.M, U 
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when T is the period of oscillation of the coil and @ the continuous 
current which gives a steady deflection equal to the angle of swing @. 

22. Discuss critically Ampére’s formula F=2/ sin 6/7* for the magnetic 
force due to an element of length / of a conductor carrying a current 2, 
when @ is the angle between the direction of the current and the joining 
line of length 7 Calculate the magnetic force at a point on the axis of 
a circular coil of 10 turns and of 5 cms. mean radius. The point is 
20 cms. from the plane of the coil, and the current through the coil is 
0.5 ampere. 

23. Prove as fully as possible that the magnetic force inside a 
solenoid is equal to 4mz?, where 7 is the number of turns of wire per 
cm. and z the current. 

24. Describe the moving coil galvanometer, and explain how it may 
be constructed so that the angular deflection is proportional to the 
current. 

25. State the law of interaction of a magnetic pole and a current 
element, and deduce the magnitude of the force with which a circular 
coil of one turn is repelled from a magnetic pole placed on ‘its axis. 

26. What are the special characteristics of a ballistic galvanometer ? 

Show that the sine of half the angle of throw of the needle is equal to 
gGnr/HT, where G is the ‘galvanometer constant,’ H the horizontal 
component of the earth’s magnetic field, T the time of one complete 
oscillation of the needle, and g the total electric transfer through the 
instrument. 

27. Two liquid resistances, A and B, of 5 and 10 ohms respectively, 
are connected in parallel, and a battery of electromotive force 8 volts 
and 2 ohms internal resistance is used to send a current through them. 
Find the currents in the two liquids, being given that the electromotive 
force of polarisation is 0.1 volt in A and 1.8 volts in B. 

28. A circular coil of wire is mounted on a vertical axis and rotated 
with uniform speed in the earth’s magnetic field. Trace the changes in 
current during one complete revolution. 

If the radius of the coil be 5 cms., the number of turns of wire 30, the 
resistance of the circuit 2 ohms, the horizontal component of the earth’s 
magnetic field 0.18, and the number of revolutions per second 4, calcu- 
late the average current in the coil irrespective of sign. 


MISCELLANEOUS QUESTIONS FROM HIGHER 
SCHOOL CERTIFICATE, AND OTHER 
EXAMINATIONS 


The following abbreviations are used to indicate sources of 
questions : 

J.M.B.—Joint Matriculation Board of the Universities of 
Manchester, Liverpool, Leeds, Sheffield and Bir- 
mingham. 

C.—Cambridge. 
O. and C.—Oxford and Cambridge. 

L.G.S.—London General School. 

L.U.—London University. 
C.S., Exec.—Civil Service, Executive Branch. 

C.W.B.—Central Welsh Board. 


Magnetism 


1. Two bar-magnets are in line, one having magnetic length 
8 cm. and pole-strength 50, and the other magnetic length 4 cm. 
and pole-strength 40, their mid-points being 16 cm. apart. Find 
how much work is done in turning one of these magnets over, end 
for end. (L.G.S. abridged.) 

2. A short bar-magnet was placed with its axis in the magnetic 
meridian, and with its north-pole pointing north. A second 
exactly similar magnet was suspended by a torsionless suspension 
at a point 10 cm. north of the centre of the first magnet, and its 
time of swing was found to be 3.14 seconds. If the strength of the 
horizontal component of the earth’s field was 0.2 gauss, and the 
moment of inertia of the magnet was 100 gm. cm.*, deduce its 
magnetic moment. (C., subsid., abridged.) 

3. A uniformly magnetised piece of steel wire of length 12 cm, 
and diameter 4 mm. is placed at right angles to the magnetic 
meridian and its mid-point is 18 cm. due east of a small suspended 
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magnet, which then sets at an angle of I 5° to the magnetic 
meridian. Calculate the intensity of magnetisation of the steel. 
(H =o0.18 gauss.) (L.G.S. abridged.) 
4. Two permanent bar-magnets of equal dimensions are so 
placed on a table that one magnet completely covers the other. 
Neutral points are found to lie 40 cm. apart along a horizontal 
line in the magnetic meridian. On turning the upper magnet 
through 180° the neutral points move ro cm. further apart. 
Assuming the equivalent length of each magnet to be Io cm., 
calculate the ratio of the moments of the magnets, and give a 
diagram showing the final position of the magnets. 
(L.G.S. abridged.) 
5. The field intensities at two points on the axis of a bar- 
magnet at distances of 10 cm. and 20 cm. respectively from its 
centre are in the ratio of 12.5 to 1. Find the distance between the 
poles of the magnet. (J.M.B. abridged.) 
6. A deflection magnetometer is set up with its arms pointing 
magnetic north-east and south-west. A short magnet is placed 
to the north-east of the needle with its axis along the arm, and 
with its south pole pointing to the needle. A deflection of 10° is 
observed. The arms are now set in the usual east and west posi- 
tion and the same magnet is placed with its centre half as far from 
the needle as before, and with its axis along the arm. Find the 
deflection of the needle. (J.M.B. abridged.) 
7. A bar-magnet, 20 cm. in length, is placed vertically with its 
north pole pointing downwards. Indicate by a diagram the 
nature of the magnetic field in a horizontal plane through the 
lower pole of the magnet. Ifa magnetometer placed in this plane 
15 cm. due east of the lower pole is deflected through 30°, calcu- 
late the pole-strength of the magnet. [The horizontal component 
of the earth’s magnetic field is 0.20 gauss.] (C. abridged.) 
8. Two similar short bar-magnets of equal moment, M, are 
placed with their axes in the same straight line, and with their 
centres at a considerable distance d apart. Obtain an expression — 
for the approximate force of attraction between the magnets in 
terms of M and d. (J.M.B. abridged.) 
9. A bar-magnet, of magnetic length 6 cm., is placed with its 
axis in the magnetic meridian, with its north-seeking pole point- 
ing to the north. The neutral points are distant 15 cm. from the 
centre of the magnet, and the strength of the horizontal com- 
ponent of the earth’s magnetic field is 0.18 dyne per unit pole. 
Find the magnetic moment of the magnet. (J.M.B. abridged.) 
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10. Two short magnets, of equal magnetic moment, are fixed 
together at their centres with their axes at right angles. Prove 
that all lines of force which cut the line of continuation of the 
axis of either magnet, at points a considerable distance from the 
magnets, do so at a constant angle. 

A small magnet makes 12 oscillations a minute in the earth’s 
field alone and 15 oscillations a minute when a short magnet, with 
its axis horizontal and its south pole pointing north, is placed 
with its centre 20 cm. directly above the oscillating magnet. If 
the horizontal component of the earth’s field is 0.18 dyne per unit 
pole, find the moment of the short magnet. (J.M.B.) 

11. Two short magnets in the form of a right-angled cross, one 
arm of the cross being along the true N.-S. direction, the other 
along the E.-W. direction, are placed in the earth’s field. A 
neutral point is found in the E.-W. line. Indicate by means of a 
diagram how this is brought about and, if the angle between the 
earth’s magnetic and geographical meridians be 14°, find the 
ratio of the moments of the magnets. (L.U., Intermed. abridged.) 

12. A vibration magnetometer makes to oscillations in 66 secs. 
when osciilating under the earth’s horizontal field alone. A very 
short bar-magnet is now placed with its axis horizontal and in the 
magnetic meridian, with its north pole pointing to the north. 
The vibration magnetometer is placed at a point on the axis of 
the magnet to the north of it and 20 cm. from its mid-point ; it 
makes Io oscillations in 55 secs. 

If the vibration magnetometer is placed at a point 20 cm. mag- 
netic east of the centre of the bar-magnet, find how long it will 
take to make to oscillations. (C.S., Exec.) 

13. The period of oscillation of a short bar-magnet in the 
earth’s horizontal field is 14 sec. The magnet produces a deflec- 
tion of 45° in a tangent galvanometer placed at 30 cm. from its 
centre in a magnetic westerly direction on the line of its axis. 
The moment of inertia of the magnet is 2160 units. Find its 
magnetic moment and the strength of the horizontal component 
of the earth’s field. (C.W.B. abridged.) 

14. (a) Enumerate the chief sources of error in making a de- 
termination of the angle of dip by means of the dip circle. 

(b) A dip-needle oscillating in the magnetic meridian makes 
32 oscillations per minute, and when oscillating in a plane perpen- 
dicular to the meridian it makes 30 oscillations per minute. Find 
the angle of dip. (Jj-M.B. abridged.) 

15. A'short bar-magnet of magnetic moment 2000 C.G,.S. units 
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is placed with its north pole pointing north at a distance of 100 cm. 
due south of a dip-circle, so that its axis is horizontal and passes 
through the centre of the circle. If the undisturbed reading of 
the dip circle was 70°, what will the new reading be? The hori- 
zontal component of the earth’s field may be taken as 0.20 
gauss. (C. abridged.) 


Electrostatics 


1. A hollow metal sphere of radius 5 cm. is given a positive 
charge of 50 E.s.u. Draw on squared paper a graph showing the 
variation of (a) the electric potential, (b) the electric intensity of 
field from the centre of the sphere toa distance of 25 cm. What 
would the radius of the charged sphere have to be in order that 
it should just begin to discharge, if it is assumed that discharge 
occurs when the potential gradient is 100 E.s.U. per centi- 
metre ? (J-M.B.) 

2. (@) State the relation between the potential gradient at any 
point in an electrostatic field and the field-strength at that point. 

(b) A metal sphere of 5 cm. has a positive charge of 100 E.S.U. 
Draw a potential-distance diagram for the field up to 40 cm. from 
the centre of the sphere. 

(c) Draw on the same axes the potential-distance diagram. for 
a sphere of 1 cm. radius, charged to the same potential, and hence 
explain the discharging action of points. (J.M.B.) 

3. A hollow metal sphere, centre O, radius 10 cm., has a very 
small hole, H, in its surface. P is a point in OH produced such 
that OP is 25 cm. M is the mid-point of OH. The sphere is 
charged to a potential of 50 E.s.u. Find the work done in carry- 
ing a point charge of 0.5 E.s.u. from P to M. (C.S. Exec.) 

4. Point charges of electricity, of magnitude 20, 40, —20, and 
40 E.S.U. are situated at points respectively N., E., S., and W. of 
a point O, and distant 5 cm. from it. Calculate the electric 
intensity at O, and the force on a point charge of —5 E.s.U. at O. 

Calculate also the electric potential difference between O and 
a point P 2 cm. E. of it, and the work done in moving the charge 
of —5 E.S.U. from O to P. (C. abridged.) 

5. Show how to calculate the capacity of a parallel plate air 
condenser. Such a condenser has area 1000 sq. cm. of insulated 
plate, and the distance apart of the plates is 2 mm. When a 
charge of 500 electrostatic units is given to it, what is the energy 
of the charge ? How will the energy change if an insulator of 
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dielectric constant 3.5 is placed between the plates, the charge 
remaining unaltered ? (L.G.S.) 

6. A difference of potential of roo volts is maintained between 
two similar parallel plates of area 100 sq. cm. which are separated 
by a distance of 1 mm., the space between the plates being filled 
with a substance of dielectric constant 6. Find the charge and 
the mechanical force on each plate. (O. and C. abridged.) 

7. Two condensers are in parallel, and the energy of the charge 
is 8000 ergs when the difference of potential between their 
terminals is 20 E.s. units. With the same two condensers in series 
the energy is 1500 ergs for the same difference of potential be- 
tween the insulated terminal and the earth. What are the 
capacities ? (L.G.S. abridged.) 

8. A metal sphere of radius 5 cm. is charged to a potential of 
50E.S.U. Aninsulated uncharged metal sphere, Z, of radius 1 cm., 
is placed with its centre 50 cm. from that of the charged sphere. 
The sphere Z is then connected to earth by a wire. Find the 
quantity of energy transformed in the wire. (J.M.B. abridged.) 

g. Describe an experiment to demonstrate that the capacity 
of a metal sphere depends upon its radius. 

Two metal spheres of radii 10 cm. and 5 cm. are widely separ- 
ated and charged respectively with 100 and 200 E.s.U. of positive 
electricity. They are then connected by a wire. Calculate the 
quantity of energy transformed in the wire. (J.M.B. abridged.) 

to. An electrometer is charged by being connected momen- 
tavily to a battery, and a deflection of 100 divisions is observed. 
A condenser of capacity 50 E.s.U. is then connected in paralle 
with the electrometer and the deflection falls to 75 divisions. Find 
(a) the capacity of the electrometer, and (b) the deflection which 
would be observed if a second condenser of capacity 50 E.S.U. 
were also connected in parallel with the electrometer. 

(J.M.B. abridged.) 

11. A parallel plate condenser is charged by having its plates 
(a) connected permanently to a battery of cells, (6) connected to 
the battery for a short time only and then insulated. If, in each 
of the above cases, the distance between the plates is afterwards 
varied, by the insulating handles, describe and explain the 
changes in the electrostatic energy of the condenser. $% 

: (j.M.B. abridged.) 

12. A condenser is connected in series with a very high resist- 
ance, a micro-ammeter, a switch, and roo voit mains. The 
switch is closed and readings of the micro-ammeter are taken at 
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intervals, the readings being as shown in the following table : 
Time - 0 Io 20° 30° +40” “§6"see: 
Current - 20.0 16.4 13.4 II.0 9.0 7.4 micro-amp. 
(108 micro-amp. =I ampere.) 

(a) Plot the current-time curve, and find the quantity of elec- 
tricity in the condenser when the switch has been closed for 
40 sec. 

(b) Find the potential difference between the plates of the con- 
denser when the current flowing is 9.0 micro-amp. 

(c) Calculate the capacity of the condenser, and state the units 
in which its value is expressed. (J.M.B.) 

13. Two small raindrops, each having the same radius y, and 
each charged with q units of electricity (of the same sign), coalesce 
so as to form one larger drop. What will be the potential of each 
small drop? And, after coalescence, in what ratio will the 
potential be increased or diminished ? 

14. Two isolated spherical drops of radii 1 mm. and 2 mm. are 
charged to potentials of 50 and 60 c.G.s. units respectively. 
(i) If the drops coalesce find the potential of the resulting drop 
and the change in the energy of the system. (ii) Account for the 
change in energy. (L.U. Intermed., abridged and modified.) 

15. A condenser of capacity 10 microfarads is charged so that 
the potential difference between its plates is 100 volts. It is then 
discharged through a resistance of 5 x10® ohms. Find corre- 
sponding values of the remaining charge g, and the current flowing 
7; plot a graph of q (#-axis) and 1/i; and hence, or otherwise, 
find the time required for the charge on the condenser to fall to 
10-* coulombs. (J.M.B.) 

16. If the greatest electric force which air at atmospheric 
pressure will stand without sparking is 3000 volts per cm., find 
the greatest amount of energy which can be stored in a parallel 
plate condenser if the plates are 1 cm. apart and the area of each 
of them rot sq. cm. (Camb, Entrance Schol. abridged. 


Voltaic Electricity 

. The coil of a sensitive galvanometer has 50 turns, each of 
teneth 4 cm. and breadth 2 cm. The coil hangs with its length 
vertical and its plane inclined at 30° to a magnetic field of 5000 
dynes per unit pole. What is the couple acting on it when a 
current of 10 milliamperes flows through it ? (O. abridged) 
2. A long wire carrying a current of 5 amperes is placed per- 
pendicular to the magnetic meridian and 10 cm. below the needle 
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of a vibration magnetometer. The period of vibration is then 
either I.01 or 1.75 sec. What is the value of H ? 
(L.G.S. abridged.) 

3. A vertical rectangular coil of wire consists of 50 turns and 
measures 1.5 cm. x2 cm. It is situated in a horizontal magnetic 
field of strength 30 gauss, and its plane makes an angle of 25° 
with the field. Calculate the couple acting on the coil when a 
current of 40 milli-amperes flows in it. (L.G.S. abridged.) 

4. A circular coil of 9 cm. radius and having 50 turns is placed 
with its plane at right angles to the meridian. A small magnet 
is suspended at the centre of the coil, and with the current in one 
direction it is found to make 12 vibrations per minute. With the 
current reversed it makes 15 vibrations per minute. Given that 
the earth’s field (0.18 c.G.s. units) is smaller than that due to the 
coil, calculate the current in the coil. (O. and C. abridged.) 

5. Calculate the total force in dynes acting on a 30 cm. length 
of wire which is carrying 20 amperes at right angles to a magnetic 
field of 5000 unit lines per sq. cm. (C.W.B. abridged.) 

6. The coil of a tangent galvanometer is set up so that its plane 
is at right angles to the magnetic meridian. An oscillation 
magnetometer, situated at its centre, is found to vibrate with a 
period of 5 seconds under the earth’s field. A storage cell of 
E.M.F. 2 volts is now connected to the 200 turns coil of the galvano- 
meter. The magnet is seen to turn through 180°, and its period 
in its new position is found to be 6 seconds. Find the resistance 
of the galvanometer coil, assuming that its mean radius is 15 cm. 
and that H =0.20 gauss. (O. and C, abridged.) 

7. How is the electromagnetic unit of current defined ? 

Describe an experiment for measuring a current in these units, 
and establish the formula used. 

A wire consisting of a long straight vertical length with a flat 
horizontal circular loop at its middle point carries a current. 
Neglect any magnetic field except that due to the current, and 
find the angle of dip of a short magnetic needle pivoted freely at 
the centre of the circle. (L.U. Intermed.) 

8. Describe the construction of a moving-coil galvanometer 
and explain the principles underlying its action. On what 
factors does its sensitivity depend ? 

Why do the oscillations of the coil decay more rapidly when the 
coil is short-circuited than when it is on open circuit ? (O. and C.) 

g. Ina d’Arsonval galvanometer the coil has 60 turns, each of 
area 2 sq. cm., and the strength of the magnetic field is 100 gauss. 
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A current of 20 milliamp. produces a deflection of 10 cm. on a 
scale 1 metre from the instrument. Calculate the torsional couple 
required to twist the coil through 1 radian. (C.S. Exec. abridged.) 

10. Explain the principle of the potentiometer. How can the 
instrument be adapted to measure a small E.M.F. such as that of 
a thermocouple ? 

Three resistances are connected together to form a triangle 
ABC. AB, AC, have each a resistance of 1 ohm, and CB a resist- 
ance of 100 ohms. A current of 1 ampere enters the system at A 
and leaves at B. What is the potential difference between the 
ends of the resistance AC ? (C.) 

11. (a) Describe how you would find the current sensitivity of a 
moving coil galvanometer, giving a diagram of your electrical 
circuit. 

(b) A milliammeter of resistance 6 ohms reads up to ro milli- 
amperes. How would you convert it into an ammeter reading to 
3 amperes ? (J.M.B. abridged.) 

12. An electroscope has a capacity of 20 x 10~-*§ microfarads, 
and its leaves diverge 25 divisions when charged to a potential of 
600 volts. Ifin this position the divergence of the leaves decreases 
at the rate of one division in a minute owing to imperfect insula- 
tion, find the leakage current and the resistance of the insulation. 
You may assume that the divergence of the leaves is proportional 
to their potential. (J.M.B. abridged.) 

13. In a Wheatstone bridge net BDCA (see Fig. 225, p. 307), 
the resistances of the arms are BD =100 ohms, DC =10 ohms, 
BA=50 ohms and AC=4 ohms. The points D and A are joined 
through a galvanometer, the resistance of which is 1000 ohms. 
Calculate the approximate value of the small current through the 
galvanometer if an E.M.F. of 2 volts is applied between the points 
Band C. State the assumptions you make in the calculation. 

(J.M.B. modified and abridged.) 

14. Describe the precautions which must be taken when 
making a careful comparison of resistances by means of a Wheat- 
stone bridge. : 

Coils of resistance ro and 2 ohms respectively are placed in the 
gaps of a metre bridge, and a balance is obtained when the 
movable contact is 83.0 cm. from one end of the wire. On inter- 
changing the coils a balance is obtained when the movable con- 
tact is 16.0 cm. from the same end. If the wire is uniform, find 
the corrections to be applied at the ends of the wire. (L:G;S.) 

15. What is meant by the sensitivity of a galvanometer ? On 
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what factors does it depend, and how is it controlled in the case 
of a moving-coil galvanometer ? 

The terminals of a galvanometer are connected by an external 
wire of the same resistance as the galvanometer coil. One wire 
from a battery being connected to one terminal, show at what 
point of the external wire the second battery wire must be con- 
nected in order that one-hundredth of the battery current may 
traverse the galvanometer. (C.W.B.) 

16. A circuit consists of a battery of E.M.F. Io volts and of 
negligible resistance, and two coils in series each of resistance 
500 ohms. A voltmeter of resistance 1000 ohms is connected in 
parailel across one of the 500 ohm coils. Find the reading of the 
voltmeter. (J.M.B. abridged.) 

17. Describe the construction and principle of action of a 
voltmeter. 

A resistance of 10 ohms is joined to the poles of a battery of 
E.M.F. 3 volts and an internal resistance of 5 ohms. A cheap 
voltmeter, of resistance only 100 ohms, is joined to the ends of 
the 10-ohm resistance. Compare the potential differences be- 
tween the ends of this resistance before and after inserting the 
voltmeter. (L.U. Intermed.) 

18. You are provided with a milli-ammeter of resistance 4 
ohms calibrated up to 50 milliamperes. How would you use such 
an instrument in conjunction with resistances to measure (i) the 
current taken from the supply mains fitted with a 5 amp. fuse ; 
(ii) the voltage of a wireless u.T. battery whose terminals are 
marked o and +100 volts ? (C.S. Exec.) 

19. The positive poles A and D of two cells are connected by a 
uniform wire of resistance 8 ohms, and their negative poles B and 
C by a uniform wire of resistance 10 ohms. If the middle point 
of BC is connected to earth, what will be the potential at the 
middle point of AD? The E.M.F. of AB is 2 volts, its resistance 
2 ohms; the E.M.F. of DC is 1 volt, its resistance 1 ohm. 

(C. abridged.) 

20. (a) Two batteries, of which the electromotive-forces are E, 
and E, respectively, and the internal resistances arev, and 1, re- 
spectively, are connected in parallel so as to send currents in the 
same direction through an external circuit of resistance R. Prove, 
by means of Kirchhoff’s laws, that the strength I of the current 
traversing the external circuit is given by the expression 

Eyr, + Egry. 
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(b) Apply this to a case in which the batteries consist respec- 
tively of six cells and of four cells, each cell having an E.M.F. of 
1.4 volts and an internal resistance of 0.5 ohms, and where the 
external circuit has a resistance of 10 ohms. Calculate the 
current traversing each branch of the network. 

21. Two cells of E.M.F. 1.5 volts and 2 volts respectively and 
internal resistances of 1 ohm and 2 ohms respectively are con- 
nected in parallel to an external resistance of 5 ohms. Calculate 
the current in each of the three branches of the network. 

(J.M.B. abridged.) 

22. Two cells whose E.M.F.’s are 1.6 volts and 2.4 volts have 
internal resistances of 2 ohms and 4 ohms respectively. The two 
positive poles are joined by a wire of 6 ohms, and the two negative 
poles by a wire of 8 ohms. If another wire of 10 ohms is placed 
between the mid-points of these two wires, what is the potential 
difference between its ends ? (O. and C.) 

23. Two batteries of E.M.F.’s 3 and 1 volt respectively and each 
of internal resistance 2 ohms are connected in parallel, and their 
terminals are joined by a resistance of 5 ohms. Determine the 
current in each branch of the circuit. (L.G.S. abridged.) 

24. Two cells, one of E.M.F. 2 volts and internal resistance 
o.5 ohm and the other of E.M.F. 1.5 volts and internal resistance 
5 ohms, have their positive terminals connected to one end of a 
wire of resistance 4 ohms, their negative terminals being con- 
nected to the other end of the wire. Calculate the current flowing 
in each cell, and that in the wire. (C. abridged.) 

25. Three secondary cells (a, b, and c) have each an E.M.F. of 
2 volts and negligible resistance. The positive poles of a and b 
and the negative pole of c are connected together at a point A; 
the other poles are connected to a point B through resistances of 
2, 3, and 4 ohms respectively. Calculate the magnitude and 
direction of the current passing through each cell, and the p.p. 
between A and B. (Gs) 

26. Two cells A and B are connected in parallel, unlike poles 
being joined together. The terminals of the cells are then joined 
by two resistances of 4 ohms and 2 ohms in parallel. The 2.M.F. 
of A is 2 volts, its resistance 1 ohm; the E.M.F. of B is r volt, its 
resistance 2 ohms. Find the current in each of the four branches 
of the circuit. (Camb. Entrance Schol. abridged.) 

27. The four resistances AB, BC, CD and DA in a Wheatstone 
bridge are respectively 1, 3, 4 and 2 ohms. The current is 
supplied by a cell of E.M.F. 2 volts and negligible internal resist- 
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ance connected to A and C. If a galvanometer of resistance 
2 ohms is connected between B and D, find the current flowing 
through the galvanometer. The resistances of the leads may be 
neglected. (L.U. Intermed. abridged.) 

28. Two cells, A and B, of E.M.F. E, and E,, and internal re- 
sistance 7, and 7, respectively, are connected in parallel to the 
terminals of a resistance R. Find the conditions under which 
there will be no cuzrent through B. (C.S. Exec. abridged.) 

29. In an experiment with a potentiometer and a Leclanché 
cell, it was found that the galvanometer in the cell circuit showed 
no deflection when the length of potentiometer wire bridged by 
its circuit was 87cm. A wire of resistance 10 ohms was connected 
across the poles of the Leclanché cell, and the balance length of 
the potentiometer wire was then found to be 80 cm. Calculate 
the resistance of the cell. (J.M.B. abridged.) 

30. (a) In a potentiometer experiment, the galvanometer is 
found to give deflections in the same direction when connection is 
made at any point on the potentiometer wire. Explain two 
causes whch would produce this effect. 

(b) You are given a uniform potentiometer wire 1 metre long 
and of 1 ohm resistance, an accumulator of approximately 2 volts 
E.M.F., a standard cell of E.M.F. I .018 volts, two resistance boxes, 
a galvanometer and connecting wires. Explain exactly, with the 
help of a diagram, how you would standardise the potentiometer 
so that the fall in potential per mm. of the wire is a microvolt. 
Show on your diagram the values of the resistances you would 
expect to have in the boxes in your final arrangement. [1 micro- 
volt = 10-6 volt.] (J.M.B. abridged.) 

31. A copper wire and an eureka wire are joined in parallel 
across the terminals of a secondary cell of E.M.F. 2 volts and 
negligible resistance. The lengths of the wires are in the ratio 
3: 4, the copper being the shorter ; the diameters are in the ratio 
1:4, the copper being the thinner; the specific resistance of 
copper is to that of eureka as I : 30. 

(a) Find the ratio of the rates of production of heat in the two 
wires. 

(b) Given that the total rate of production of heat in the two 
wires is 2.4 calories per sec., find the resistance of each wire. 
(1 joule =o0.24 calorie.) (J.M.B.) 

32. A certain circuit consists of three resistances connected in 
parallel across 200 volt mains, The rates of production of heat 
in them are in the ratio 5: 3:2, and together they transform 
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1 kilowatt-hour in 2 hours. Find the power used if the three 

resistances are connected in series across 248 volt mains. 
(J.M.B. abridged.) 

33. A battery of secondary cells of total resistance B ohms is 
used to supply power to a factory through cables of resistance 
R ohms.. The factory consumes power at the rate of W watts, 
the potential difference between the cables at the factory being 
V volts. Find the ratio of the power consumed in the factory to 
that produced in the battery. 

Given that V =100 and R =0.01, find the least number of cells, 
each of E.M.F. 2 volts, and internal resistance 0.001 ohm, required 
to supply power at the rate of 10 kilowatts to the factory. 

(J.M.B. abridged.) 

34. (a) Different potential differences are applied to the ends of 
a constant resistance. State how the rate of transformation of 
energy varies with the current which flows, and describe an 
experiment to verify your statement. 

(0) A factory requires a supply of W watts at a potential differ- 
ence of V volts. The power is to be obtained from a distant 
station through a pair of cables each of resistance y ohms. Find 
(i) the potential difference which must be maintained at the power 
station, and (ii) the efficiency of the transmission. (JCB) 

35. A uniform wire 1 mm. in diameter carries a current of 
ro amperes. Find the amount of heat emitted per minute by 
I sq. cm. of the surface when the temperature has become steady. 
[The specific resistance of the material of the wire is 1.4 x 10- 
ohm cm. J =4.2 x10’ ergs per cal.] (J.M.B. abridged.) 

36. Four cells are to be charged on the 210-volt mains. Each 
cell has an E.M.F. of 2.5 volts on charge, and the charging current 
is 0.5 ampere. Specify in volts and watts the most suitable lamp 
to be used in the circuit. (C.W.B. abridged.) 

37. The following pieces of apparatus are connected in parallel 
across the 100 volt mains : 

(a) a lamp consuming 50 watts ; 

(0) an ammeter in series with a resistance, the reading of the 

ammeter being 0.5 amp. ; 

(c) a coil in which heat is developed at the rate of 50 cals. per 

Sets 

(d) two 50 ohm coils in series. 

Calculate the total resistance across the mains, and the power 
consumed. [4.2 joules are equivalent to one calorie.] 


(C subsid., abridged.) 
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38. A thermos flask contains a mixture of ice and water at 
o° C., the weight of the mixture being 500 grams. A coil of wire 
of resistance 12 ohms is immersed in the mixture, and a voltmeter 
placed across the ends of the wires reads 20 volts. The current is 
aliowed to flow for 21 min. At the end of that time the flask 
contains water only at 5°C. Assuming that the heat capacity of 
the flask and coil may be neglected, and that there are no losses 
due to radiation, conduction, or convection, find the weight of ice 
in the original mixture. [J =4.2 joules per calorie. Latent heat 
of fusion of ice=8o0 calories per gram.] (C.S. Exec.) 
39. Explain why the current needed to blow a fuse wire (a) is 
independent of the length of wire interposed in the circuit, (b) for 
a given material, varies as the three-half power of the diameter 
of the wire. 

Do these results remain valid when a very short length of fuse 
wire is used ? (C.S. Exec. abridged.) 

40. Derive the law governing the production of heat in a con- 
‘ductor through which an electric current flows. 

Water flows at a steady rate of 50 gm. per minute through a long 
tube containing a resistance wire which carries a current of 3 
amperes. The potential difference between the ends of the wire 
is 6 volts and the inflow temperature of the water is 12°C. 
Assuming no heat losses, find the outflow temperature of the 
water when conditions have become steady. (J.M.B.) 

41. In an experiment on the Callendar and Barnes continuous 
flow method of measuring the mechanical equivalent of heat, the 
rate of flow of water through the tube was 30 gm. per minute, 
the current in the wire 1.5 amp., the potential difference between 
the ends of the wire 4.5 volts, and the rise of temperature of the 
water 3° C. In order to eliminate the heat losses, the rate of flow 
is increased to 55.2 gm. per minute, and it is found that when 
the current is 2 amp. and the potential difference between the 
ends of the wire 6 volts, the rise in temperature of the water is 
again 3°C. Find the value of the mechanical equivalent of 
heat. (C. modified.) 

42. A nickel wire of length 33.8 cm. and diameter of cross- 
section 0.023 cm. is placed in series with a standard resistance of 
0.5 ohm, and a very small current is passed so that no change of 
temperature is produced above the temperature, 19.5° C., of the 
room. The voltage across the wire and across the known resist- 
ance are found to be 4.74 x 10-2 and 7.25 x 10~8 volts respectively. 
The current is now considerably increased and the voltages when 
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steady are found to be 1.75 volts for the wire and 0.75 volt for the 
resistance. Assuming the increase of the resistance of the wire 
to be due to heating and the temperature coefficient of resistance 
of nickel to be 0.0052 per degree Centigrade, find the thermal 
emissivity of the surface of the wire. The resistance of the 
standard remains unchanged. (Camb. Entrance Schol.) 

43. Twenty 1oo-watt, 100-volt lamps are connected in parallel 
across 100-volt mains. It is required to insert a resistance in the 
main circuit so that the intensity of illumination may be varied. 

It is known that for these lamps c varies as V*-§, where c is the 
candle-power and V the potential difference across the ends of 
the filament ; also that 7 varies as V°-8, where 7 is the current in 
the filament. Find the magnitude of the resistance which will 
reduce the intensity of the illumination to half its maximum 
value. 

[An interesting extension of this problem is the calculation of 
the resistance of a lamp at the reduced voltage.] 

44. A long rod.of soft iron, of diameter 2 cm., is held vertically 
in the earth’s field and magnetised by tapping one end. A 
magnetometer needle, placed 15 cm. magnetic east of and in the 
same horizontal plane as the lower end of the rod, is deflected 
through 30°. Find the intensity of magnetisation and the suscepti- 
bility of the iron. 

[Horizontal component of earth’s field =0.18 gauss. Angle of 
dip =60°.] (J.M.B. abridged.) 

45. Acoil of 30 turns of wire, each of area Io sq. cm., is placed 
with its plane at right angles to a magnetic field of 1000 gauss. 
When the coil is suddenly withdrawn from the field a galvano- 
meter in series with the coil indicates that 10-* coulomb passes 
round the circuit. What is the combined resistance of the coil 
and galvanometer ? (CG) 

46. Discuss the relation between the applied electromotive 
force and the current in a circuit containing an electrolytic cell. 

Calculate the value of the smallest E.M.F. which can produce 
continuous electrolysis in a water voltameter, given that the 
electrochemical equivalent of hydrogen is 1.04 x 10-5 gm. per 
coulomb ; that the heat of combustion of 1 gm. of hydrogen in 
oxygen is 35,000 calories, and that 1 calorie equals 4.2 joules. (C.) 

47- An accumulator, a tangent galvanometer and a copper 


1It is important to notice that the temperature-coefficient is large, and comparable 


with the coefficient of expansion of a gas. The problem, therefore, must be treated 
in a similar manner. 
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voltameter are connected in series. It is found that in 1 hour a 
layer of copper 0.010 mm. thick is deposited uniformly over an 
area of 100 sq. cm. of the cathode, the deflection of the galvano- 
meter remaining steady at 30°. What will be the deflection if a 
current of 1 ampere is passed through the galvanometer ? [The 
electrochemical equivalent of copper is 0.00033 gm. per coulomb ; 
the specific gravity of copper is 7.8.] (J.M.B. abridged.) 

48. A Helmholtz tangent galvanometer consists of two coils, 
each of ro turns of mean radius 20 cm., placed with their centres 
20 cm. apart. In an experiment on the electrolysis of copper 
sulphate, 0.238 gm. of copper was deposited in 30 minutes. 
What was the mean deflection of the needle? [Atomic weight 
of copper = 63.6, H =o.18 gauss, E.C.E. of hydrogen =0.00001044 
gm. per coulomb. } (L.) 

49. A condenser of capacity 10 microfarads is alternately 
charged to a potential of 200 volts and discharged through a 
circuit containing a copper voltameter. This process is re- 
peated roo times per second. Calculate the weight of copper 
deposited per hour, being given that the electro-chemical equi- 
valent of copper is 0.00033 gm. sec.—! amp.—. 

(Camb. Entrance Schol.) 

50. What fraction of the electrical energy spent is converted 
into chemical energy when a 6-volt battery is used to electrolyse 
water? The electro-chemical equivalent of hydrogen is 1.04 x 10-* 
gm. per coulomb, and the combustion of 1 gm. of hydrogen to 
form water liberates 35,000 calories. (1 calorie=4.2 jouies.) 

(C. abridged.) 

51. A certain simple cell consists of a positive member X, a 
negative member Y, and an exciting liquid Z. There is no 
chemical action between X and Z, but when 1 gm. of Y dissolves 
in the exciting liquid h# calories are liberated; the electro- 
chemical equivalent of Y is y gm. per coulomb. Find the E.M.F. 
of the cell. [1 calorie =4.2 joules.] (J.M.B. abridged.) 

52. (a) Describe some form of storage cell, giving an outline of 
the changes that probably occur during the processes of charging 
and discharging the cell. 

(b) In the electrolysis of acidulated water it is found that 
0.1156 c.c. of hydrogen (at N.T.P.) is liberated per coulomb of 
electricity. Assuming that the charge carried by a hydrogen ion 
is 1.6 x 10-19 coulomb, calculate the number of molecules in I C.c. 
of hydrogen at N.T.P. (J.M.B. abridged.) 

53. Describe an apparatus in which a stream of cathode rays 
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can be bent by an electrostatic field through a measurable de- 
flection. 

If a stream of electrons each of mass m, charge e, and velocity 
3 x 10% cm. per sec. is deflected 2 mm. in passing for Io cm. 
through an electrostatic field of 18 volts per cm. perpendicular 


to their path, find < in E.S.U. per gram. 


[1 E.S.U. potential = 300 volts.] (C.) 

54. Describe briefly the phenomena which occur during the 
evacuation of a glass tube fitted with electrodes at the ends, to 
which a high voltage battery is applied. 

Tabulate some of the most important facts which have become 
known by means of experiments with such tubes. (GEES) 

55. Describe and explain, with the aid of a diagram, the 
arrangement of apparatus required for the production of Réntgen 
rays. 

State three distinct properties of these rays, and describe one 
experiment to demonstrate each of them. (J.M.B.) 

56. Describe the Induction Coil, explaining the function of the 
condenser. Describe the mode of production of Cathode Rays. (C.) 

57. A glass tube about 15 in. long has an electrode sealed in 
each end, a difference of potential of the order 104 volts is main- 
tained across the electrodes, and the air is pumped out of the tube. 
Describe with the aid of diagrams the phenomena which will be 
observed as the air is being pumped out. 

Explain what is meant by the term cathode stveam, and describe 
its action under a suitably applied (a) electric field, and (6) mag- 
netic field. What conclusions are to be drawn from these 
actions ? (J.M.B.) 


ANSWERS TO EXAMPLES 


Chapter I. (p. 11.) 7 


4, 1000 grams. 
Chapter II. (p. 27.) 
1. 83 min. 20 sec. DEEZ S23. 3. 49.05 x 10’ ergs. 
4, 2.5 x 10% ergs. 5. 981 x 108 ergs. 
6. 8x10 ergs; 8 x 108 dynes. 7. 4561; 7.456 x 10% 
8. 392,500 foot-poundals ; 20,070,000 foot-poundals. 
9, 103 x 10’ foot-pounds ; 52 H.P. 
Chapter III. (p. 37.) 
3. 14.56 oscillations per minute. iy Th be 8. 13.8. 
9, 1.712 C.G.S. units; 4.27 C.G.S. units. | 
11. 1584 H units; 2020 H units. 
Chapter IV. (p. 72.) 
3. 6.7 cms. from N. Ay 7.5: 
, Chapter V. (p. 88.) 
2M?(37? — 7?) ; : 
2. ee iy 4, 1: 1.225. be); 18. 
6. 160 ergs. Sn 270r 10, 3 s.1.472. 
14, 0.5 dyne ; 0.57 dyne. 15. 360°. 
21, 304. OMA TE 23. 1.330% 
94, 14.42 cms. 26, 0.01. 27, 1206. 
98. 0.134 MH ergs. 
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Chapter VI. (p. 116.) 


, 0.143 C.G.S. units. ja secseo Ly 1255307. 
16. = 


2I tan 6/2 


S 
attached). 


Daleks. RU AY CY hae 24, 31.08. 27. 0.158. 


(where I=total intensity, and #=mass of weigh’ 


Chapter VII. (p. 132.) 


. 0.5 milligram. Gaiatess 4, 89.45. 


1: 9/2, or (1: 1.259). 

10/2 cms. on opposite side ; 102 cms. on same side. 

1 eee. BG JOS 22 305. 

37 : 13, if the charges are similar ; 7 : I, if the charges are opposite, 


Chapter VIII. (p. 153.) 


(2) 2.41 cms. to left of charge 1; (4) 0.33 cm. and I cm, to right 
= left of charge I respectively. 7 +15. 


To: ll. 2V2; -0.3 erg. 12. 2.553. 
500. Qi. 160); 16, 22. 4.905 E.S. units, 


Chapter X. (p. 196.) 


20. Dom's Sa lash salisSs 5, 0.01125 cm. 
, *. 9, 26. 10.: From 1 to 2. 


Inner coating, from V to V (FR): outer coating, from a to 
sero. 


. Inner coating, from 9 to 3; outer coating, no change. 


eo Os 16. 3. 17 


, I2I: 400. 


18. 2056¢ C.G.S. units. 19, 1327 C.G.s. units. 21, 84: 325. 

25. +4. 26.7223: 27. 16.§33;19.83: 
Zou Os 30. 4° ergs. 31. Yes; 0.07 erg. 
32. 1:0.96. 33. 5:4; equal. 34. 2:1. 

35. 4¢ 131; 37. 6.17 cms. 38. 708. 

40. 2.94 microfarads. 


42, (a) P.D. is reduced 25%; (6) 12.5 cms. 
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Chapter XI. (p. 211.) 
1, 35-5 2. 5 electrostatic units, 


Chapter XV. (p. 270.) 
14. 0.6 c.G.s. unit. 
15, 3 


Ser dynes towards a point mid-way between the other wires. 


16. 0.0503 C.G.s. unit. 17, 100.53 c.G.s. units. 18, 5.03¢.G.S. units, 


Chapter XVI. (p. 289.) 


2, 0.034; 0.34. 4, 2.38 amp. bancor 
6. 17:8. 8. 248. 9, 0.14 amp. 
10. 0.0113; 0.174 C.G.S. unit. 


Chapter XVII. (p. 316.) 


2. 20 cells. 8, 0.2 volt; 5 ohms. 
4, 5 amp. 5. 4-39 milliamps. 6. 0.02 ohm, 
7, 0.25 volt. 8, I volt. 9, 1.50 volt. 
11, One cell is reversed. 12. 0.33 amp.; $ volt. 
15, 40.25; —1.453 —0.05; 0.25. 14, 23:1, 
16. 4 to 3. 17. + ohm. 19.7325, 
19, 1.622 x 10-6 ohm. 20. 94.07 x 10~® ohm. 
21, 227 cms.; 4.551 ohms. 22. 975.2 cms. ; 0.039 %e 
93, + x 10° microhms. 95. 0.202 ohm; 98%; 19.8 ohms. 
26, 0.176 milliamps. 27, 55. 28. 14.054 ohms, 


29, 6.802 x 10-* amp. per scale division. 
80. Three rows of six each. 


Chapter XVIII. (p. 334-) 
Lo: 3. 3.9 amps. 10. 6 ohms; 22 volts. 


Chapter XIX. (p. 355.) 


2s. Oddie tg /ta 8, 28°.68 C. 4, 0.9165 amp. 
5. (i) 1:0.1:1.1; 1:1072. (ii) 0.62 amp. ando.3I amp.; 2:1. 
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6, 2.03 calories. 10, 1 :0.1°: 0.180. 11. 1.66 amp.; 2.66. 

12. Four rows of three cells each. 13. 1.66 amp. 

14, 6 ohms. 15, 114.3: 

16, If.dI is a portion of the current in one wire transferred to the 
other, the increase of heat generated is (@1)*¢(7, +72). 

UWE epi 18. 1.05. 19. 857 x 10%. 

20. 746. yA ee OY 2 22. 252)5, 198. 

23. 288 amps. 96. 90.43%. 

97. 1.6, 2073 2.0, "of; 1.845 69.275 1-60,)80/53) 1220; 90% 3 
0.648, 97.2%. 

98. 0.248 d.; 1.49 kilowatt. 99. LE 3ST 1 32: 80. 45°-45C. 

33, Insert 120 ohms in series; 55 watts; 25 watts. SL O52 Ge 


10. 
13. 


Chapter XX. (p. 381.) 


. 790 microvolt ; 1260 microvolt. 10. 204°C. 


Chapter XXI. (p. 406.) 


240; 120. 5. 5.43 8.48. 6. 10; 6333 C.G.s. units. 
4964 C.G.S. units. 8.) 14.32: 9. 15.07. 

1,220. Ji. 129.7. 12. 4.31 amps. 

0.002, 0.0027, 0.004 ; 324.5, 500, 871. 


5024; 0.0105; 480,000; 48000; 0.1103; 45600. 


Chapter XXII. (p. 436.) 


11. 1.28 x 1073 volt. 19. 6x 1075 coulomb. 
20. 1.885 x 10-4 volt. 21, 5.89 x 10-® volt. 
22. zero; 7.385 x 1078 volt; 8.527 x 107% volt. 
93, 1.414 x 107° volt, 94, 80 ohms. 
= 0.00296 henry. 26. 0.000252 henry. 
, 0.3223 0.000805. 28. 0.5; 39.353 91.79: 100. 
29, 6.08 henry ; nee henry. aaah OS ‘ 
33, /°0H/27, where 7=length, and @=angle of swing. 


Chapter XXIII. (p. 453.) 


16.06 ohms; 51°28’. Me 16.6 amps. 3 37°. 3. 13.54 ohms. 
16.8 ohms ; 44°. 4. 5, 100.6. 6. 96. 
14.85 and 19.09 scale divisions. 
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Chapter XXIV. (p. 471.) 


. 0.001 gram per coulomb. 5, 0.000828 gram per coulomb. 
. 0.3354 gram; 50 min. 40 secs. 7, 122 min. 22 secs. 


0.8. 9, 0.0095 mm. 10. 3.88. 


. Increase in ratio 1 :/2. 12, 0.0104 gm. 
. 31.4 hours. 14, 0.427 amp. 
. 0.3406 gram ; 142.5 calories ; 69.7 and 52.3 calories. 


0.505amp. 17, 0.1588 gram; 30964 calories. 18, 1.53 ohms. 


Chapter XXV. (p. 488.) 


62.52 grams; 24x10? calories. 7, 4:13; 16:1. 
1.52 volt. 9, 0.9132/V. 


Chapter XXVII. (p. 526.) 


Ptsos x 10.8 2, 0.7403. 8, 1.6% 10° 5387.5. 9), 0.0319 sec, 
Miscellaneous Questions. (p. 585.) 
Magnetism. 
26.25 1H. 4, 2.025 x 10° C.G.S. units. iy eas ae 
6. Moment of weight must be 200 dyne-cms. 
7, 264.7 C.G.S. units. 8. 0.1732, 0.1, 0.3464 C.G.S. units, 
Geile 3: 12, 0.0075 dyne. Bt, Bap aek 
Electrostatics. 
1, 25000 ergs. oo7ee4e 4, 4.2 E.S. units. 
5, Electric force=0.1 E.S. unit ; 0.000398 dynes/cm’. 
6. 0.169 C.G.S. units. ; 
Voltaic Electricity. 
1. 0.185 c.G.s. units. 
3. 250 dynes, at right angles to the wire and to the magnetic field, 
4. + ampere ; 0. 6, 0.000315 gm. 8. 0.2C.G.S. units, 
9 1: 10353530} of, 3023:2 10:1. 10. 0.6545 gm. 
11. 0.02 ohm. 12, 1.26x 107-4 volt. | 13, In series. 
16. 0.0222 C.G.s. units. 20. 1 dyne. 22, 0.009 €.G.S. units. 
27, 1.03 amp, ; 0.345 amp. 28, 2.39 x 10-* amp. 


MISCELLANEOUS QUESTIONS 


(From Higher School Certificate, and other Examinations.) (p. 591-) 


Magnetism 
1. 73.9 ergs. 2. 400 C.G.s. units. 3. 73.67. 
4. 2.91: 1. 5. 10cm. Gc 637.22". 
7. 33.2 units. 8. 6M?/d*. 9. 644.3. 
10. 810. ITE 38.04. 12. 74.7 sec. 
13. 2423 units; 0.18 gauss. 14a 26ro sen 15. 69° 3907 
Electrostatics 
1, 0.707 cm. 3. 15 ergs. 
4, 1.6C.G.s. units ; 8 dynes towards the N. Potential difference, 
3.05 units; work done by electric forces, 15.35 ergs. 
5. 314 ergs; 89.8 ergs. 6. 159.2 E.S. units; 265.3 dynes, 
7. 30 and. 10 E.s. units. 8. 25/2 ergs. 
9, 1500 ergs. 10. 150 E.s. units ; 60 divisions. 
12. (a) 50.72 x 10-5 coulombs ; (b) 45 volts; (c) 11.27 micro- 
farads. 
13. Increased in the ratio 1: 1.59. 
14, 81.72 c.G.s. units ; increased by 209.5 ergs. 
15, 115.1 sec. 16. 3978 ergs. 
Voltaic Electricity 
1, 1000,/3 dyne cm. units. 2. 0.20 gauss. 
3. 16.31 dyne cm. units. 4. 0.235 amp. 
5. (3 x10) dynes. 6. 49.45 ohms. heai2208 
9. 480 dyne-cm. units. 10. $5 volt. 
11. Use 0.0201 ohm as a shunt. 
12. 8x10-? amp. ; 75 x 10!2 ohms. 13. 0.00337 milliamp. 
14, +0.8 cm. at zero end, and —0.24 cm. at other end. 
15. Ata point distant, from same terminal, 1/50 of total length 
of the wire. 
16. 4 volts. 17. 2.00 volts, and 1.94 volts. 
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18. 
19: 
20. 


21. 
23. 
25. 
26. 


27. 
30. 
31. 


32. 


34. 


36. 
37. 
41. 
43. 
46. 
49, 
52. 


(i) Shunt of 4/99 ohm ; (ii) 1996 ohms in series. 

+1.48 volts. 

(0) Battery currents, 0.8 amp. and —o.2 amp.; external 
current, 0.6 amp. 

3 amp., 3; amp.; 42 amp. 22. 1.31 volts. 

§amp.,—zamp.; Samp. 24, {3 amp.,-,5 amp.; 42 amp. 

zs amp., ;4, amp., 12 amp.; 14 volts. 

Cell A, $amp.; cell B, amp.; 4 ohm coil, }. amp.; 2ohm 
coil, } amp. 

g7amp. 28. R=(r,xE,)/(E,-E,). 29. 0.875 ohm. 

(6) 1017 ohms and 982 ohms. 


(a) 5: 2, (6) 0.56 ohm, and 1.40 ohm. 
v2 


0.0744 kilowatt. SRY V?+W(B+R) 
; 2Wr gl OOV ~ 
(b) (i) (v Pr ), (ii) Vaowy Pet cent. 35. 0.81 cal. 


A 200-volt 1o0-watt lamp in series. 


24.4 ohms ; 410 watts. 38. 93% gm. 40. 17 14°C. 
4.17 joules per calorie. 42. 0.0004704. 

0.95 ohm. 44, 7.44; 23.86.. 45. 300 ohms. 
1.53 volts. AT 41? 10’. 48. 44°51’. 
0.2376 gm. 50. 25.5 percent. 51. 4.2 hy. 


2.704 x 1019, 53. 6 x 102”, 


INDEX 


(Names of Persons are printed in italics.) 


Absolute system of units, 515. 

Acceleration, 13. 

Accumulators, 481-482. 

Aerials, wireless, 555, 575. 

Agonic lines, 105. 

Airy, Sir G., 114. 

Alpha-rays, 509-512. 

Alternating currents, 441-450. 

Aluminium, manufacture of, 461. 

Ampére’s rule, 249 ; theorem, 256. 

Ampere, the, 255. 

Ampere-balance, 286. 

Arago, 415. 

Arc lamp, 347 ; musical, 562. 

Astatic needles, 86. 

Atmospheric electricity, 227. 

Atom, structure of, 513 a. 

Atomic number, 505, 513 A. 

Attraction and repulsion, of elec- 
trostatic charges, 1193 of cur- 
rents, 266 ; of magnet poles, 2 

Aurora, the, 233. 

Avenarius, 362. 

Ayrton-Mather shunt, 301. 

Ayrton, W. E., 124, §22. 

Ayrton, Mrs., 348. 


Ballistic galvanometer, 280, 

Barlow’s wheel, 265. 

Barrett, 9. 

Battery, efficiency of, 3513 resist- 
ance of, 322. 

Bauer, 110. 


Becquerel, 360, 369, 509. 

Becquerel rays, 509. 

Bell, Graham, 296. 

Beta-rays, 509, 513. 

Bidwell, Shelford, 389. 

Bifilar suspension, 104. 

Biot and Savart’s 
251. 

Blondlot’s experiment, 556. 

Board of Trade Unit, 341. 

Boltzmann’s method of measuring 
$.1.C., 184. 

Boys’s radio-micrometer, 369. 

Broadcasting, 579 c. 

Bunsen cell, 242. 


experiment, 


Calcium carbide, 350. 

Callendar, H. L., 310, 365. 

Capacity, 168, 331 5 absolute, 333; - 
in alternating circuit, 449 ; coms 
parison of (electrostatic) 178, 
(electromagnetic) 331 5 of simple 
air condenser, 174; of sphere, 
169; of spherical condenser, 
1745 of submarine cable, 189 ; 
of successive condensers, 175. 

Carborundum, 350. 

Cells, efficiency of, 3515 E.M.F. 
of, 323, 478 5 grouping of, 313; 
resistance of, 3225 secondary, 
481; source of energy of, 478; 
standard, 243-245; theory of, 
4735 voltaic, 236-242, 
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C.G.S. system, §15. 

Charts, magnetic, 105. 

Chemical effects, of discharge, 223 ; 
of current, 4.54. 

Chetwynd’s liquid compass, 112. 

Choking coils, 450. 

Circular motion, 24. 

Clark cell, 243. 

Coercivity, 6, 393. 

Coils, resistance, 297 3 ee 450. 

Commutators, 245-246. 

Compass, ship’s, 111-115. 

Condensers, 171, 3313 attraction 
of plates of, 1825 capacity of, 
178, 331, 3333 with compound 
dielectric, 1823; discharge of, 
541; energy of, 190, 192 3 stan- 
dard, 176. 

Conductance, 292. 

Conductivity, molecular, 469. 

Conductors, of electricity, 123 ; 
lightning, 219, 228; fall of po- 
tential along, 303. 

Coulomb’s torsion balance, 21, 127; 
theorem, 142. 

Couples, 18 ; magnetic, 78. 

Creeping, magnetic, 389. 

Critical temperature, g. 

Crookes, Sir W., 121, 491, 492, 494. 

Cumming, 360. 

Curie, Madame, 394, 509. 

Currents, alternating, 441-450; 
attraction and repulsion of, 266 ; 
C.G:S. unit of, 255 ; earth, 233; 
electric, 235, 505; energy of, 

- 3513 force on, when in a mag- 
netic field, 262; Foucault, 415 ; 
induced, 410 ; magnetic field due 
to (linear) 249, (circular) 252 ; 
measurement of, 272, 325, 337, 
457; moment of circular, 257 ; 
virtual, 443. - 


D? Arsonval galvanometer, 279. 

Davy, Sir H., 460. 

Declination, magnetic, 93. 

De la Rive’s floating battery, 253. 

Density, electrostatic, 129; elec- 
tromagnetic, 434. 


Dewar, Sir F., 366, 537, 538. 
Diamagnetic substances, 70. 
Dielectrics, Faraday’s experiments, 


180; suc. of, 181: strength 
of, 222; displacement currents 
in, 530. 


Dimensions of units, 516. 

Dip, magnetic, 93, 99, 426. 

Direction- finding, 579 a. 

Discharge, brush, 222; of a cloud, 
2323; through gases, 490; glow, 
222; impulsive, 548; mechani- 
cal and other effects, 222 ; oscil- 
latory, 191, 5415 spark, 140, 219. 

Displacement currents, 530. 

Distribution of charge, 129, 150. 

Dry cells, 242. 

Duddell’s musical arc, 562 ; thermo- 
galvanometer, 288. 


Earth currents, 233 ; inductor, 425. 

Edison, 243 ; accumulator, 482. 

Efficiency, of generator, 3513; of 
lamps, 346. 

Elasticity, electric, 532. 

Electricity, atmospheric, 227 5 both 
kinds produced in equal quantity, 
125; electron theory of, 121, 
466, 499, 505; distribution on 
conductors, 129, 1503 specific 
heat of, 375. 

Electrification, of the air, 230; of 
clouds, 229; of gases, 126; 
theories of, 120. 

Electro-chemical equivalent, 455 ; 
of kathode rays, 499-502. 

Electrode potentials, 474. 

Electro-dynamics, 261-268. 

Electro-dynamometer, eber’s, 2845 
Siemens’s, 288. Fe 

Electrolysis, 454-469 

Blectrolytic Rceragtor (Wehnelt’s), 
424. ‘ 

Electrolytic solution pressure, 474. 

Electromagnet, 3, 402-405. 

Electromagnetic thedry, 525-539. 

Ejectrometers, attracted disc, 202 ; 
capillary, 476; Dolezalek, 208 ; 
quadrant, 205, 210. 
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Electromotive-force, 291; of cells, 
323, 4783; contact theory and 
chemical theory of, 483; of 
thermo-junction, 364. 

Electrons, 121, 466, 499, 501, 505, 
509, 513. 

Electrophorus, the, 162. 

Electroscope, condensing, 162, 237 5 
gold-leaf, 122, 1593 pith-ball, 
122. 

Elster, 126, 232. 

Emissivity, 342. 

Energy, 21 3 of cells, 478 5; of dis- 
charge of cloud, 232; of charged 
condenser, 190, 1923 conserva- 
tion of, 23 5 conversion of electric 
into heat, 337; of current, 351 5 
transfer through a dielectric, 
528 ; of electrostatic field, 144 5 
in medium, 4333 of rotation, 
213 transformation of, 22 3 units 
of, 340. 

Ewing, F. A., 389, 393 3 hysteresis 
tester, 395 3 magnetic curve 
tracer, 3963 molecular theory, 
397+ 


Farad, the, 193, 331. 

Faraday, the, 457. 

Faraday, 44, 451, 491, 5383 com- 
parison of capacities, 178; ex- 
periments on dielectrics, 180; 
disc, 4155 laws of electrolysis, 
4553 electro-magnetic experi- 
ments, 409; ice-pail, 1563; ex- 
periment on self-induction, 417 ; 
tubes of force, 138, 141, 143. 

Faure, 481. 

Field (electric), 1343; energy of, 
1445 equipotential surfaces in, 
148; total normal induction in, 
1375 intensity of, 137; method 
of mapping, 135 ; potential slope 
of, 147; tubes of force of, 138, 
T4T, 143; 145+ 

Field (magnetic), 41 ; comparison of, 
36; due to current (linear) 249, 
257, (circular) 252-255, (solennid) 


258-260; equipotentia! surfaces 
in, 23, 553 intensity of, 35, 51,595 
250, 263, 426 ; action on kathoce 
rays, 4943 maps of, 42-48, 50, 
51-53, 105 3 measurement of ins 
tense, 263, 4263; rotation of 
plane of polarisation by, 5385 
soft iron in, 63 ; strength of, 76 ; 
terrestrial, 92; due to electro- 
static tubes in motion, 503, 529, 


ae 

Field: G. F., §50. 

Fleming, F. As 349, 366, 529, 
537, 5383 left-hand rule, 2625 
right-hand rule, 413; thermo- 
ammeter, 288 a; valve, 568. 

Flux, magnetic, 39, 3835 electro- 
static, 137. 

Force, 143 electrostatic tubes of, 
1393 on linear current in mag- 
netic field, 2623; lines of mag- 
netic, 44-533; moment of, 175 
parallelogram of, 153; on rect- 
angular circuit, 264; resolution 
of, 16. 

Foucault currents, 415. 

Franklin, 2273 one-fluid theory, 
120, 122. 

Furnace, electric, 349. 


Galvanometer, astatic, 2723;  bal- 
listic, 280 5 mirror, 277 5 resist- 
ance of, 3213 sine, 2763 sus- 
pended coil, 279 ; tangent, 273 5 
Duddell’s thermo, 288; Flem- 
ing’s thermo, 288 a. 

Gamma-rays, 510, SII, 513 A. 

Gases, discharge of electricity 
through, 490-508 ; ionisation of, 
508. 

Gaugain curves, 361. 

Gauss, the, 400. 

Gauss, 515; electrostatic theorem, 
140; law of inverse squares, 33 5 
tangent positions, 81. 

Geitel, 126, 232. 

Gilbert, Dr., 112. 

Griffiths, E. H., 339. 
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Hadfield’s manganese steel, 10, 394. 

Harcourt, Vernon, 345. 

Harmonic motion, simple, 24. 

Heat, electric convection of, 375 ; 
generation in a circuit, 340; 
mechanical equivalent of, 336, 
3395 in wires, 342. 

Helium, 512, 513. 

Helmholtz, 4773 equation, 431; 
tangent galvanometer, 275. 

Henry, the, 418. 

Hertz’s experiments, 553. 

Heusler’s alloy, 11 

Hittorf, 467. 

Hopkinson, F., 9, 393, 3983 alloy, 
3945 measurement of s.1.c., 
185, 186. 

Horizontal intensity of earth’s field, 
93, 96, 98, 288 B. 

Hysteresis, 393; Ewing’s tester, 


395: 


Impedance, 447. 

Impulsive discharges, 548. 

Induced currents, 410. 

Induction, electrostatic, 124, 137, 
156; multiplication of feeble 
charge by, 165; lines of mag- 
netic, 68; magnetic, 39, 383; 
mutual, 419, 434; self, 417, 434. 

Inertia, electromagnetic, 418 ; 
moment of, 22. 

Insulators, electric, 123-124. 

Intensity, of electrostatic field, 137, 
1473 inside a charged sphere, 
142, 149; relation to s.1.c., 
182; of magnetic field, 35, 51, 
59, 78, 80, 249, 250, 257, (terres- 
trial) 93 ; of magnetisation, 76. 

Jonisation, 462, 466; of gases, 
509. 

Tons, 121, 463; charge on, 465; 
migration of, 467. 

Tsoclinic lines, 107. 

Tsogonic lines, 105. 

Isotopes, 513 B. 


Sahn, 373. 
Fones, Viriamu, 430. 


Joule, the, 340. 
Foule’s, equivalent, 336, 339 ; law, 
337: 


Kathode rays, 492-498. 

Kelvin (Lord), 65, 111, 165, 177, 
205, 210, 220, 278, 321, 362, 
374) 375, 483, 484, 521, 541; 
absolute electrometer, 202 ; am- 
pere-balance, 2863 comparison 
of capacity, 179 ; ship’s compass, 
111; standard condensers, 176 ; 
replenisher, 2135 voltmeters, , 
209; water-dropping machine, 
213 5 water dropper, 230. 

Kerr effect, 539. 

Kirchhoff’s laws, 3023 application 
to Wheatstone net, 307. 

Kohlrausch, 295, 329, 4.68, 469, 512. 


Lag, angle of, 447. 

Lamp, arc, 3473 incandescent, 
343; Osram, 345; standard, 345. 

Laplace, 126 ; law, 251. 

Law, of magnetic attraction and 
repulsion, 2; of conservation of 
energy, 23; of electrolysis, 455 ; 
of intermediate metals, 360; of 
inverse squares, 29, (Gauss’s 
proof) 33,126, 151; Kérchhoff’s, 
302, 3073 Lenz’s, 411; Laplace’s, 
2513 Ohm's, 292; Paschen’s, 
221; of successive temperatures, 
361 ; tangent, 18. 

Lecher’s experiments, 555. 

Leclanché cell, 341. 

Lemonnier, 230. 

Lenard, 126, 492, 498. 

Lenz’s law, 411. 

Leyden jars, 187; discharge of, 
541. 

Lightning, 227; conductors, 219, 
228. 

Lines, of force, (electric) 134, (mag- 
netic) 44, 68 5 of induction, 68 ; 
of magnetisation, 68. 

Lippmann’s capillary electrometer, 


476. 
Lodestone, the, 1. 
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Lodge, Sir 0., 228, 322, 499, 504, 
5053 electric resonance, 552 5 
impulsive discharges, 548 ; wire- 
less telegraph, 558. 

Logarithmic decrement, 282. 

Lorenz’s determination of the ohm, 


429. 


Machine, glass cylinder, 212 ; Kel- 
wvin’s replenisher, 213; Toepler’s, 
2143  Kelvin’s water dropper, 
2133 Wimshurst’s, 215. 

Magnet, artificial, 2; axis of, 2; 
compound, 5; consequent poles 
of, 5; destruction of raagnetisa- 
tion in, 6; electro-, 3, 402-405 ; 
keepers, 66 ; length of, 50, 835 
distribution of magnetism in, 67 ; 
molecular, 59; moment of, 75, 
79, 82, 85, 98; period of oscilla- 
tion of, 84; poles, 2, 493 steel 
for making, 7; temperature co- 
efficient of, 86; unit pole, 34; 
Weber's theory, 397. 

Magnetic, chains, 60 5 circuit, 399- 
401 3 effect of electric discharge, 
2245 equator, 107; leakage, 
401; meridian, 92 3 records 
(continuous), 1035; reluctance, 
3993 resistance, 643  satura- 
tion, 5, 3913; screening, 65; 
shell, 76, 25653 storms, 111; 
substances, 5. 

Magnetisation, curves of, 390; 
cycles of, 3933 destruction of, 
6; of iron, 383-401 ; intensity 
of, 76 ; lines of, 68 ; methods of, 
By dae Ze 

Magnetometer, 30, 288 8. 

Magneto-motive force, 400. 

Magnetoscope, 30, 

Magneto-striction, 62. 

Maps, electrostatic, 135; mag- 
netic, 42-48 ; terrestrial, 105. 
Marconi’s, disc-discharger, 561 ; 
magnetic detector, 567. 
Maxwell, $F. Clerk, 522, 
cork-screw rule, 250; 
dynamic rule, 2645 


5393 
electro- 
electro- 


magnetic theory, 532 ; measure- 
ment of the ohm, 429. 

Maxwell, the, 400. 

Metre bridge, the, 308. 

Micro-farad, the, 193, 331. 

Moissan, 349. 

Moment, of inertia, 22 ; of magnet, 
75, 79, 82, 85, 98; of magnetic 
shell, 76 ; of momentum, 26. 

Mumetal, rr. 


Neutral temperature, the, 360. 
Nobili, 85, 272, 368. 
Noll, 365. 


Oersted’s experiment, 249. 
Ohm's law, 292. 


Ohm, the, 293, 4313 determina- 
tion of, 429. 
Oscillations, electrical, 5413; in 


aerials, 5593 in wires, 555; ampli- 
fication of, §70, 574, 575, 5763 
rectification of, 570, 5743 un- 
damped, 564, 578. 

Oscillator, Hertz’s, 553. 

Osmotic pressure, 473. 


Paramagnetic substances, 70. 
Paschen’s law, 221. 

Peltier, coefficient, 372; effect, 3715 
thermodynamics of, 373-376. 
Pendulum, simple, 25 ; ballistic, 26, 

Permalloy, 11. 

Permeability, 384-390 5 
temperature upon, 398. 

Perrin, 497. 

Perry, F , §22. 

Photo-electricity, 513 D. 

Photometers, 345, 346. 

Platinum resistance thermometer, 
310. 

PoAl’s commutator, 246. 

Points, action of, 218, 479. 

Polarisation, 239, 479. 

Positive rays, 499. 

Post-office box, the, 309. 

Potential, due to magnetic shell, 
76 ; electric, 145-150 3 electrode, 
4743 fall of along a conductor, 


effect of 
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magnetic, 23, 53, 593 
surfaces of 
within a 


ia ee: 
slope of, 59, 1473 
equal, 23, 55, 1483 
conductor, 149. 

Potentiometer, the, 320. 

Poulsen arc generator, 563. 

Power, 20; .in alternating circuit, 
448 ; electric, 341. 

Poynting, F. H.,.530. 

Proton, 513 A. 

Pupin coils, 579 D. 


Radioactivity, 509. 
Radio-micrometer, Boys’s, 369. 
Radium, 513 B. 

Rayleigh (Lord), 229, 429, 430, 
456, 548. 

Reactance, 447. 

Recalescence, g. 

Reluctivity, 399. 

Resistance, 291; of battery, 322 ; 
coils, 297; of electrolytes, 329 ; 
of galvanometers, 321 ; measure- 
ment of high, 325 ; measurement 
of low, 328 5 specific, 293; of 
systems of conductors, 298. 

Resonance, electric, 552. 

Resonator, Hertz’s, 554. 

Retentivity, 6, 393. 

Roberts--Austen pyrometer, 370. 

Réntgen, 506. 

Ross, Sir F., 107. 

Rowland, H. A., 67, 392, 522, 532. 

Riicker, Sir A., 109. 

Ruhmkorff’s coil, 422 5 
tator, 245. 

Rutherford, 510, 557. 


commu- 


Schuster, A., 340. 

Schuster-Smith magnetometer, 288 B. 

Screening, magnetic, 65; electric, 
163. 

Searle, G. F C., 286. 

Secondary cells, 481. 

Seebeck’: series, 359. 

Selenium, action of light on, 296. 

Self-induction, 417, 420° effect of 
in alternating circuit, 445. 

Shell, magnetic, 76, 256.. 


Shunts, 300,.301. 

Siemens’s electro-dynamometer, 288. 

Silow’s measurement of s.1.c., 185. 

Sine, curves, 428, 4423 galvano- 
meter, 2763 position, for mag- 
netic moments, 82. 

Skin effect, 548. 

Sodium and sodium hydrate, manu- 
facture of, 460. 

Solenoid, magnetic field due to, 
258-260. 

Solid angles, 583. 

Spark discharge, 140, 191, 219. 

Specific Inductive Capacity, 181 ; 
measurement of, 184-186. 

Specific resistance, 293 3 of electro- 
lytes, 3315 of glass, 327. 

Stokes, Sir G., 230, 502. 

Submarine cable, capacity of, 189 ; 
resistance of insulator of, 326. 

Supra-conductivity, 294. 

Susceptibility, 384. 


Tait, 363. 

Tangent, galvanometer, 273 ; posi- 
tions of Gauss, 81 3 law, 18. 

Telegraphy, by electromagnetic in- 
duction, 411 ; wireless, 558. 

Telephony, wireless, 578. 

Temperature coefficient, of mag- 
net, 85 ; of resistance, 292. 

Terrestrial magnetism, 92-114, 2888. 

Thermionic tube, 568;  three- 
electrode, 572. 

Thermo-ammeter, Fleming’s, 584. 

Thermo-couple, 359; pyrometer, 
369 3 thermodynamics of, 376. 

Thermo-electric, curves, 361 5 dia- 
gram, 365, 367; inversion, 360 ; 
power, 363-366. 

Thermopile, 368. 

Thompson, S. P., 87, 389. 

Thomson, Sir F. Fy 221, 421, 495, 
497) 499, 501, 504. 

Thomson effect, 374. 

Thorpe, T. E., 109. 

Time-constant, the, 441. 

Toepler’s machine, 214. 

Torsion balance, 31, 127. 
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Transformers, 451, 559- 

Tubes of force (electric), 138, 141, 
143, 145 3 magnetic field due to 
motion of, 503, 529, 531. 


acceleration, 14 3 
B.0.T., 3413 capacity, 193; 
current, 255, 2935; dimensions 
of, 514.3 electric energy, 340; 
EMF (cG.s.), 4145 E.M.F. 
(practical), 243, 293,4145 energy, 
213 force, 14; magnet pole, 34 ; 
magnetic field and flux, 400; 
mutual induction, 419; poten- 
tial difference, 146; power, 20; 
practical, 522; quantity (electro- 
static), 128 5 ratio of E.s. to E.M., 
5203 resistance, 293, 429, 431 ; 
self-induction, 418 ; tube of force, 
138; velocity, 12 5 work, 19. 

Uranium, 509, 513 A. 


Units, 5145 


‘vy, determination of, 521. 

Valve, rectifying: crystal, 565; 
Fleming, 568. 

Valve, three-electrode, 572, 578. 

Velocity, 12 ; parallelogram of, 13 ; 
of electromagnetic waves, 554, 


556. 
Verdet’s constant, 538. 


Vertical intensity of earth’s field, 
288 E. 

Virtual current strength, 443. 

Viscosity (magnetic), 389. 

Volt, the, 243, 293, 414. 

Volta, 230, 484. 

Voltameters, 457, 466. 

Voltmeter, —_ electrostatic, 
multicellular, 210. 


209 5 


Watt, the, 341. 

Wattmeter, 449. 

Waves, electric, 550. 

Weber, 429, 5213 electrodynamo- 
meter, 2843; molecular theory. 


397- 
V¥ ehnelt interruptor, 424. 
Weston cadmium cell, 244. 
Wheatstone bridge, 306. 
Willoughby Smith, 296. 
Wilson, C. T. R., 232, 501. 
Wilson, H. A., $31. 
Wimshurst machine, 215. 
Wireless telegraphy, 557. 
Wireless telephony, 576. 
Work, 19. 


X-rays, 506. 


Zeeman effect, 506. 
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